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vAbstract
This thesis presents a dissertation on supramolecular self-assembly, coor-
dination networks and charge transfer complexes of four molecules: Dicyano-
p-quinonediimine (DCNQI), Tetracyanoethylene (TCNE), Tetracyanoquin-
odimethane (TCNQ) and Tetrathiafulvalene (TTF) at a noble metal surface.
Different systems were analyzed by variable temperature scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS) and the results
were compared with theoretical within the density functional theory (DFT).
In the first part of this thesis, the adsorption of the individual molecules
(TCNE, TCNQ, and TTF) on a Ag(111) surface was studied.
The growth of TCNE on Ag(111) results in the formation of two dif-
ferent Ag-TCNE coordination networks, depending on the substrate tem-
perature, where the silver adatoms originate from the step etching of the
silver substrate. According to DFT calculations and in agreement with XPS
measurements, the TCNE molecules are negatively charged (∼ 1 e), taking
charge from the substrate and from the silver adatom (the charge on the
silver adatoms is 0.45 e).
The adsorption of TCNQ on Ag(111) shows the formation of three differ-
ent phases, where the molecules are bonded together by hydrogen bonds, but
with a strong influence of the interaction of the cyano groups with the silver
substrate. Actually, in one of the phases the participation of silver adatoms
cannot be completely ruled out. There is also a strong charge transfer from
the silver to the TCNQ molecule (∼ 1 e). On the other hand, for a bilayer of
TCNQ molecules on Ag(111), the second layer is much more decoupled from
the substrate, and the self-assembly is driven exclusively by the formation of
hydrogen bonds between the molecules, in a similar behavior to that reported
on graphene and Au(111) substrates.
The adsorption of the electron donor TTF on Ag(111) was studied, after
room temperature deposition. No isolated or islands could be imaged due to
a high molecular diffusivity. Annealing the sample at 350 K results in the
formation of well-ordered island where the molecules are slightly tilted with
respect to the surface. DFT calculations and XPS measurements show that
in this case the charge transfer, although very small (∼ 0.1 e), takes place in
the opposite direction, the molecule remaining positively charged.
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In the second part of the thesis, mixtures of donor/acceptor molecules
(TCNQ-TTF, TCNE-TTF) have been studied on a Ag(111) substrate. The
metal surface allows us to expands the variety of such Donor-Acceptor (D-
A) networks. We show that these systems exhibit various structural phases,
depending on the stoichiometry, each leading to different levels of charge
transfer. In particular, both TCNE and TCNQ, both being strong electron
acceptors, hold in every case a negative charge close to 1 e. On the contrary,
the charge on the TTF molecules, being positive, seems to increase with the
TCNQ content. Thus by controlling the stoichiometry ratio in these com-
plexes, we can tune both the structural and the electronic properties (for
example, the work-function) of a D-A system.
Finally, in the last part of the thesis on the temperature controlled ir-
reversible transition between the two isomeric forms (trans and cis) of the
strong electron acceptor DCNQI, both on Cu(100) and Ag(111) surfaces is
reported. The experiments and DFT calculations show that the isomer-
ization barrier is lower than in gas phase or solution due to the fact that
charge transfer from the substrate has modified the bond configuration of
the molecule. In addition, an Fe-DCNQI coordination network was studied
by mixing Fe atoms and DCQNI molecules on Ag(111). After annealing at
380 K, one-dimensional (1-D) network has been observed where one Fe atom
is connected to 4 DCNQI, forming chains that assemble together by hydrogen
bonds. The electronic structure of this network reveals that the iron atom
changes from the metallic state to the oxidized state.
In summary, since charge transfer at the metal organic interface plays
an important role in the efficiency of many organic optoelectronic devices,
we have studied the effect of charge transfer in model donor, acceptor and
donor-acceptor systems on a Ag(111), Cu(100) and Au(111).
vii
Resumen
Esta tesis presenta una disertación sobre autoensamblados supramolec-
ulares, redes de coordinación y complejos de transferencia de carga de cu-
atro moléculas: Dicyano-p-quinonediimine (DCNQI) , Tetracyanoethylene
(TCNE), Tetracyanoquinodimethane (TCNQ) and Tetrathiafulvalene (TTF)
en superficies de metales nobles. Diferentes sistemas fueron analizados medi-
ante un microcopio de efecto túnel de temperatura variable (STM), espectro-
scopía de fotoelectrones emitidos por rayos X (XPS) y los resultados fueron
comparados con cálculos teóricos mediante la teoría del funcional de la den-
sidad.
En la primera parte de esta tesis, se ha estudiado la adsorción de molécu-
las individuales (TCNE, TCNQ y TTF) sobre la superficie de Ag(111).
El crecimiento del TCNE sobre Ag(111) resulta en la formación de dos
redes de coordinación diferentes Ag-TCNE, dependiendo de la temperatura
del substrato, donde los adátomos se originan desde el escalón atacado del
substrato de plata. Según los cálculos de DFT y en acuerdo con las medi-
das de XPS, las moléculas de TCNE están negativamente cargadas (∼ 1 e),
cogiendo carga del substrato y de los adátomos de plata (la carga sobre los
adátomos de plata es de 0.45 e).
La adsorción del TCNQ sobre Ag(111) muesta la formación de tres difer-
entes fases, donde las moléculas están enlazados entre sí mediante enlaces
de hidrógeno, pero con una fuerte influencia de la interacción de los grupos
cyanos con el substrato de plata. Actualmente, en una de las fases la par-
ticipación de los adátomos de plata no pueden ser completamente excluidos.
También hay una fuerte transferencia de carga del substrato a la molécula
TCNQ (∼ 1 e). Por el contrario, para una bicapa de moléculas TCNQ
sobre Ag(111), la segunda capa está más desacoplada del substrato, y el au-
toensamblado está dirigido exclusivamente por la formación de enlances de
hidrógeno entre las moléculas, un comportamiento similar ha sido reportado
en substratos de grafeno y Au(111).
Después de depositar a temperatura ambiente, se ha estudiado la adsor-
ción del donor de electrones TTF sobre Ag(111). Ni moléculas aisladas o
islas pueden ser medidas debido a la alta movilidad molecular. Después de
calentar la muestra a 350 K resulta en la formación de islas bien ordenadas
viii
donde las moléculas están ligeramente inclinadas con respecto a la superficie.
Los cálculos DFT y las medidas XPS muestran que en el caso de transferencia
de carga, aunque muy pequeña (∼ 0.1 e), toma lugar en dirección opuesta,
la molécula se matiene positivamente cargada.
En la segunda parte de la tesis, se han estudiado mezclas de moléculas
donoras y acceptoras (TCNQ-TTF, TCNE-TTF) sobre el substrato de plata
(111). La superficie metálica nos permite ampliar la variedad de tales re-
des Donor-acceptor (D-A). Nosotros mostramos que estos sistemas exhiben
diversas fases estructurales, dependiendo de la estequiometría, cada una de
ellas dirigiendo a diferentes niveles de transferencia de carga. En particu-
lar, ambos TCNE y TCNQ, ambos siendo fuertes aceptores de electrones,
agarrán en cada caso una carga negativa cercana a 1 e. Por el contrario, la
carga sobre las moléculas TTF, siendo positivas, parece incrementarse con la
aparición de TCNQ. Así controlando la proporción estequiométrica en estos
compuestos, nosotros podemos ajustar las propiedades estructurales y elec-
trónicas (por ejemplo, la función de trabajo) del sistema D-A.
Finalmente, en la última parte de la tesis presenta entre dos formas
isoméricas (trans y cis) del aceptor de electrones DCNQI, ambos sobre las
superficies de Cu(100) y Ag(111). Los experimentos y los cálculos de DFT
muestran que la barrera de isomerización es más baja que en fase gas o en
solución debido a la transferencia de carga del substrato. Además, se ha
estudiado la red de coordinación Fe-DCNQI mezclando átomos de hierro y
moléculas DCNQI sobre Ag(111). Después de calentar a 380 K, se han obser-
vado redes unidimensionales (1-D) donde un átomo de hierro está conectado a
4 DCNQI, formando cadenas que se autoensamblan por enlaces de hidrógeno.
La estructura electrónica de estas redes revela que los átomos de hierro pasan
de un comportamiento metálico a un estado oxidado.
En resumen, dado que la transferencia de carga en interfases metal orgáni-
cas juegan un papel importante en la eficiencia de muchos dipositivos opto-
electrónicos orgánicos, nosotros hemos estudiado el efecto de transferencia de
carga en sistemas modelo de donores, aceptores y donores-aceptores sobre la
superficie de Ag(111), Cu(100) y Au(111).
1
Introduction
In the last decades nanotechnology (or nanoscience) has emerged and con-
sidered as the next industrial revolution due to the big impact it is having
in the scientific and technological advance. This new concept is attributed
to physicist Richard Feynmann, who gave a very famous, visionary speech
in 1959 during one of his lectures, “There’s Plenty of Room at the Bottom”,
which is essentially based on the ability to manipulate and control individ-
ual atoms and molecules. Nanotechnology is a multidisciplinary science that
includes a broad area of expertise like physics, chemistry, material science,
surface science, organic chemistry, molecular biology, semiconductor physics,
etc. Essentially, nanoscience is the study of phenomena and manipulation
of materials at the nanometer scale (atomic, molecular and macromolecular,
scales) where properties differ significantly from those at a larger scale.
The practical development of nanotechnology is intimately associated
with the invention of the Scanning Tunneling Microscope (STM) and the
Atomic Force Microscope (AFM) in the early 1980’s. Both microscopies are
capable at imaging surfaces with atomic resolution, and have revolutionized
the imaging and provided a unique capability for the manipulation of atoms
and molecules on surfaces at the nanoscale. The STM can be considered as
the first step in the realization of Feyman’s vision of atom by atom fabrica-
tion.
In nanotechnology there are two approaches for fabricating materials or
manipulating devices: “top-down”, based in the concept of miniaturization,
refers to slicing or successive cutting of a bulk material to get nano sized
particles; and “bottom-up”, that refers to the build up of a material from the
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bottom: atom by atom, molecule by molecule to give rise to more complex
systems. Both approaches play very important roles in modern industry.
An important discipline inside the ‘bottom-up approach” is the supramolec-
ular self-assembly, and in particular, supramolecular assembly on solid sur-
faces, a complicated process that depends in general on both the molecule-
molecule and the molecule-substrate interactions. It is very relevant for a
number of applications such as molecular electronics, biosensors, optoelec-
tronic devices.
In this thesis we present several studies of molecular adsorption on metal
surfaces. The main topics covered are self-assembly, molecule-substrate inter-
actions, metal-organic coordination networks and charge-transfer complexes
investigated with high-resolution STM under ultra-high vacuum (UHV) con-
ditions. The STM results are supported by X-Ray photoelectron spectroscopy
(XPS) and density functional theory (DFT) calculations.
Outline of this thesis
This thesis is organized as follows:
Chapter 2 provides the technical background for this work: A brief
introduction to scanning tunneling microscopy (STM), x-ray photoelectron
spectroscopy (XPS) and the basics of Density Functional Theory (DFT).
Also, the experimental set-up and sample preparation will be described in
detail.
Chapter 3 describes the adsorption of the individual molecules, two elec-
tron acceptor molecules TCNE, TCNQ and one electron donor molecule TTF
on Ag(111) surface.
Chapter 4 focuses on the mixture of Donor-Acceptor networks: TCNE-
TTF and TCNQ-TTF on Ag(111). We show that these systems have different
structural phases, depending on the stoichiometry, each leading to different
levels of charge transfer.
Chapter 5 shows the self-assembly of the electron acceptor DCNQI
molecules on the metal substrates Cu(100) and Ag(111). Charge transfer
is shown to be the responsible for the appearance of two types of islands due
to the lowering of the energy barrier for molecular isomerization. The second
part of the chapter focuses on the metallorganic chemistry. In particular, it
3describes the fabrication and electronic properties of Fe-DCNQI coordination
networks.
In Chapter 6-7 the general conclusions obtained in this thesis are sum-
marized.
Finally, the bibliography and the list of publications are listed.
4 Introduction
2
Experimental techniques and
theory
This thesis was carried out in the surface science field. In this chapter, we
would like to explain the main techniques used during this work: Scanning
tunnelling microscopy (STM) and X-Ray photoelectron spectroscopy (XPS);
and also, briefly, the basics of the density functional theory (DFT). First
of all, we want to introduce why it is important to use ultra high vacuum
(UHV) conditions in surface science.
2.1 Ultra high vacuum (UHV)
In surface science experiments ultra-high vacuum is required for two main
reasons: i) first, the surface sample must be clean before the experiments,
and must continue without unwanted contamination during the experiment;
ii) and second, spectroscopic techniques can be used without interference
with the residual gas in the chamber.
We can determinate how long the surface can be kept clean with the help
of the kinetic theory of the gases. The number F of incident molecules per
unit area of surface is given by the Hertz-Knudsen equation [1]:
F =
P√
2pimKBT
(2.1)
where P is the pressure, m the molecular mass, kB the Boltzmann constant
and T the temperature. Using this equation we can calculate the time needed
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to form a monolayer of absorbed molecules on the surface. In the case of
atmospheric pressure this time is close to 10−9s. However, in UHV conditions
(10−10 Torr) it is close to 104 s, which is usually enough time to carry out
the experiments.
On the other hand, when using electron spectroscopic techniques, like
XPS, electrons must go from the surface to the analyzer; but if the density
of molecules in the residual gas in the chamber is high, the electrons can
interfere with this residual gas. The average distance that a particle moves
in the gas phase between collisions, that is, without interference with the
residual gas, is known as the mean free path, and is given by [2, 3]:
λ =
KBT
1.414Pσ
(2.2)
where σ is the collision cross section. In the case of atmospheric pressure,
λ is close to 7 × 10−8 m, but in UHV conditions (10−10 Torr) it is around
5× 105 m, longer than the dimensions of the systems.
2.2 Scanning tunneling microscopy (STM)
2.2.1 The basic principles
a) 
vacuum sample 
ΦS 
EF 
Φt 
eVbias 
tip 
b) 
Figure 2.1: a) Schematic representation of the working principle of an STM
(image taken from http: // en. wikipedia. org/ wiki/ Scanning_ tunneling_
microscope . b) Energy diagram of the tunneling process for a positive sample
bias; φt and φs are the workfunctions of the tip and sample, respectively, and EF
is the Fermi level.
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The Scanning tunneling microscope (STM) was invented in 1981 by Gerd
Binning and Heinrich Rohrer, who won the nobel Prize in physics in 1986
[4–6]. Actually, this technique is a very powerful tool in surface science. The
basic principle of the Scanning tunneling microscopy (STM) is the tunneling
effect. This is a pure quantum effect that takes place when two electrodes
(with different voltages) are separated by a short distance. In classical me-
chanics, as shown in figure 2.2, if a particle is confined by a potential barrier
and the barrier height is larger than the energy of the particle, the probabil-
ity of the particle to go through the barrier is zero. In quantum mechanics,
however the Schrödinger’s equation has solution inside the barrier, and the
amplitude of the wavefunction that describes the particle is not zero in this
region. So if the barrier is narrow (a few angstroms) and it is not high (a
few eV) the probability of the particle to go through the barrier is non-zero.
Figure 2.2: Explanation of the tunneling effect. The illustration shows the
difference between classical and quantum theory. Figure taken from [7].
In an STM, as figure 2.1a shows, one of the electrodes is the tip and the
other is the sample, which are separated a few angstroms by the vacuum
gap. To control the direction of the tunneling current you need to apply a
bias voltage between tip and sample. This bias voltage can be positive or
negative. In the first case, if you apply a positive bias voltage to the sample,
the electrons go from the occupied states of the tip to the unoccupied states
of the sample through the vacuum gap, as shown in figure 2.1b. If the sign of
the bias is reversed, that means sample at negative voltage, the electrons go
from the occupied states of the sample to the unoccupied states of the tip.
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For STM measurement the tip is scanned across the sample, X-Y di-
rections, which can be done in two different ways. The first way is called
constant height mode: in this case the bias voltage and the distance be-
tween the tip and the sample is kept constant during the measurement. The
big problem with this mode is that the surface necessarily has to be rather
flat, because otherwise the tip can crash with the surface. The second way
is the constant current mode, which is the most commonly used; in this
mode a feedback mechanism adjusts the distance between the tip and the
sample to keep the tunneling current constant. In this case the surface does
not need to be planar, which allows the measurement of larger areas.
2.2.2 Tunnel effect: the theory
In the decade of the 60s, J. Bardeen developed the formalism to study the tun-
neling current through a metal-insulator-metal junction [8]. The Schrödinger
equation was solved for each electrode separately and the wave function of
each electrode was obtained. In this way the tunneling matrix elements Mµν
due to the overlap of the states ψµ of the tip with the states ψν of the sample
can be estimated. In the first-order of perturbation theory, the tunneling
current through the two electrodes is given by:
I =
2pie
~
∑
µν
f(Eµ)[1− f(Eν + eV )]|Mµν |2δ(Eµ − Eν) (2.3)
where f(E) is the Fermi function; V the bias voltage; and Eµ, Eν are the
energies of the states ψµ, ψν (in the absence of tunneling). In the Bardeen
formalism the tunneling matrix element is given by:
Mµν =
~2
2m
∫ −→
dS(ψ∗µ
−→∇ψν − ψν−→∇ψ∗µ) (2.4)
where the integral is over any surface lying entirely within the vacuum
region separating surface and the tip. In the limit of zero bias voltage (Eν ≈
EF ), and low temperatures:
I =
2pie2V
~
∑
µν
|Mµν |2δ(Eν − EF )δ(Eµ − EF ) (2.5)
The wave function of the tip is not known; however if you suppose that the
part of the tip that is close to the surface has a locally spherical shape, you
can estimate its wave functions. This is the Tersoff-Hamman model [9, 10];
it is based on the formalism of J. Bardeen, but in here one electrode is a
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spherical tip and the other is the sample. In this approximation, assuming
that the local density of states of the tip is constant, Mµν is given by:
Mµν ≈ ReKRψν(−→r0 ) (2.6)
where R is the radius of curvature of the tip (centered in r0). With the
equation 2.6 and the spherical wavefunctions of the tip, we can then rewrite
the equation 2.5 as:
I ≈ V ρt(EF )e2KR
∑
ν
|Ψν(r0)|2δ(Eν − EF ) (2.7)
where ρt(EF ) is the density of states of the tip, K =
√
2mΦ
~ is the inverse
decay length for the wave functions in vacuum, and Φ is the work function.
Since ρ(−→r0 , E) =
∑
ν |Ψν(r0)|2δ(Eν − EF ) is the Local Density of States
(LDOS) of the sample, we can see that in this case the tunneling current is
proportional to the LDOS of the sample in the tip position.
However, the Tersoff-Hamman formalism is only valid for small bias volt-
ages and tips with spherical form. In the general case, the STM images will
depend on the density of states of the sample and of the tip. So, when an-
alyzing the data, we need to take into account also the electronic states of
the tip and its geometry.
2.3 X-Ray photoelectron Spectroscopy (XPS)
X-Ray photoelectron Spectroscopy (XPS) is another powerful tool in surface
science [11]. This technique is used to study the elemental composition of the
surface, but also the chemical and electronic states of the elements within
a material, to detect unwanted materials like impurities or contamination
and chemical shift in the elements due to charge transfer, covalent bonds,
etc. XPS is based on the photoelectric effect. As shown in figure 2.3, when
photons with a certain energy (in the X-ray range) irradiate the sample, they
may excite electrons inside the sample. If the energy of the photon is larger
than the binding energy of the electron core level, this electron can be ejected
from the sample with a kinetic energy given by,
EKinetic,sample = hν − EBinding − Φsample (2.8)
that depends on the initial binding energy of the core level, and therefore
carries chemical information about the nature of the element (figure 2.4b).
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Figure 2.3: XPS mechanism: the X-rays source emits photons with a fixed
energy, hν. These photons irradiate the sample and excite some core electrons that
are ejected out of the sample. An hemispherical electron energy analyzer acquires
and measures the kinetic energy of these electrons.
On the other hand, the hole created when the electron is ejected can
be filled after a very short time by different relaxation processes. One of
these mechanism is the Auger process: the inner hole is filled by an external
electron of the atom, resulting in a release of energy, as shown in figure 2.4a.
This energy can be released in the form of an emitted photon, but also by
another electron ejected outside the sample. This new electron is called the
Auger electron, and its energy, given by
EKin(KL1L23) = EK − EL1 + EL23 (2.9)
depends on the atom type (also on the chemical environment). As we
can see, photoemission and Auger electron spectroscopy are based on dif-
ferent processes, but in both cases the kinetic energy of the electrons carry
information about the chemical composition of the element. An important
difference is that the kinetic energy of the Auger electron does not depend
on the energy of the photon.
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Figure 2.4: Schematic diagram of the electron emission Auger process (left side)
and photoelectron process (right side) in a solid. Electrons involved in the emission
process are indicated by open circles (Figure taken from [12]).
Figure 2.5: Typical XPS spectra of clean copper(100), where the intensity of
the photoelectrons is measured as a function of their binding energy, providing in-
formation about their origin and chemical state.
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Figure 2.6: a) Schematic drawing of the XPS technique in which the sample
in electrical equilibrium with a detector. b) Schematic energy level for the XPS
process.
In an XPS experiment, the kinetic energy of the emited electrons is mea-
sured by an electron energy analyzer. Figure 2.5 shows a typical XPS spectra
of clean Copper(100). This type of graphs represent the number of electrons
detected by the analyzer versus their kinetic energy (or binding energy, see
below). Two types of peaks can be seen in the spectra: the photoemis-
sion peaks, related to the photoionization of the different core levels, and
the Auger peaks. In the following, we will consider only the photoemission
peaks.
According to the photoelectric effect (equation 2.8 and figure 2.6), the
kinetic energy of the emitted electron when leaving the sample is given by:
EKinetic,sample = hν − EBinding − Φsample (2.10)
Usually, the work-function of the sample and the analyzer are different,
and this causes that the kinetic energy of the sample measured by the an-
alyzer is not equal to the kinetic energy of the electron when leaving the
sample. However, due to the energy conservation (figure 2.6)
EKinetic,sample + Φsample = EKinetic,detector + Φdetector (2.11)
Then, when the electron reaches the detector:
EKinetic,detector + Φdetector = hν − EBinding (2.12)
and
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EBinding = hν − EKinetic,detector − Φdetector (2.13)
where hν is the energy of photon, EKinetic is the kinetic energy measured
by the analyzer and Φ is the work-function of the detector. Thus, the mea-
surement of the kinetic energy of the photoelectron allows to estimate the
binding energy, which is characteristic of each element.
XPS can provide also information about the work-function of the sample.
The work-function is the minimun energy needed to remove an electron from
a solid to a point immediately outside the solid surface (or the energy needed
to move an electron from the Fermi level into the vacuum). According to the
energy diagram in figure 2.6b, the minimum kinetic energy of the electrons
that reach the detector (that is, those electrons that leave the sample with
zero kinetic energy) is given by:
ESECO = EKinetic,detector(min) = φsample − φdetector (2.14)
where (SECO) refers to the “secondary electron cut-off”. On the other
hand, according to equation 2.12, the maximum kinetic energy of the elec-
trons that reach the detector is the energy of those electrons leaving the
sample with Ebinding = 0, that is, the electron at the Fermi level of the
sample. In this case,
EF = EKinetic,detector(max) = hν − φdetector (2.15)
combining equations 2.14 and 2.15, the work-function of the sample can
be written as:
φsample = hν − (ESECO − EF ) (2.16)
where it can be observed that the sample work-function is independent
of the detector and can be obtained by subtracting form the photon energy
the difference in energy between the minimun and maximum kinetic energy
measured by the analyzer. In order to measure the SECO of the sample, a
negative bias voltage (typically -10 V) is applied to the sample to displace
the spectrum and identify doubtlessly the electron cut-off related to sample
electrons from those coming from the analyzer.
The chemical shift
XPS measurements can provide information not only about the elements
present in the sample, but also about their electronic structure or chemical
state. When an atom enters into a combination with another atom or groups
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of atoms, an alteration happens in the valence electron density; this might
be positive or negative according to whether charge is accepted or donated,
causing a consequent alteration in the electrostatic potential affecting the
core electrons. These changes in the binding energy are known as chemical
shifts, and are typically on the order of electron volts. In an oversimplified
picture, we can view the atom as a sphere of radius r with a valence charge
q on its surface. The electrons within the sphere feel a potential q/r. If
q increases, the potential increases, and hence the binding energy of those
electrons inside the sphere also increases. These shifts can be compared
with pure compounds of that element, thus enabling the identification of the
different chemical state.
This simple analysis of the chemical shift is complicated by other effects
(the so-called final state effects) related to how the other electrons respond
to the hole being created in the photoemision process.
One effect that always occurs is the decrease of the total energy of the
ion due to the relaxation of the remaining electrons towards the hole (the
screening of the hole), which allows the photoelectron to go away with greater
kinetic energy (i.e., a lower apparent binding energy). Contributions to the
relaxation energy arise from both the atom containing the core hole and
from its surrounding atoms. Thus, for example, for atoms in a molecule
close to a metal surface, the screening is higher, and the measured binding
energy lower, than for the same atoms in the same molecule far away from
the surface.
A different effect, called spin-orbit splitting, is due to the coupling of the
spin of the unpaired electron left behind in the orbital from where the photo-
electron has been ejected, with the angular momentum of that orbital, giving
two possible different energy final states (spin up or down). This happens
for all levels except the s levels, which have no orbital angular momentum,
and gives raise to double peaks instead of single peaks.
While a core-electron is being ejected, it can lose part of its kinetic en-
ergy to excite a valence electron into an empty orbital. This will shift the
XPS peaks to apparently higher binding energy. Shake-up structure can pro-
vide chemical information because the valence levels are involved. However,
these “shake-up satellites” are usually weak because the probability of their
occurrence is rather low.
In this thesis will study the interaction between different molecules and
a metal surface. The chemical shifts will help us to find out the chemical
environment of the atoms involved, which will provide information about the
interaction or bonding with the metal surface or with other molecules. In
conclusion, XPS measurements will give us information about what happens
on the surface.
2.4 Density Functional theory (DFT) 15
2.4 Density Functional theory (DFT)
Although this thesis is mainly based on experimental work, we have heav-
ily relied on theoretical calculations to understand and complement the re-
sults. The calculations have been made using the Density Functional The-
ory (DFT). DFT calculations provide good estimations for several phys-
ical properties of a metal-organic interface, like atomic structure, work-
function, vibrational modes, chemisorption energies, and charge-transfer be-
tween molecule and surface. This section is devoted to briefly introduce the
basics concepts of DFT.
Density Functional Theory starts from a theorem due to Hohenberg and
Kohn [13], later generalized by Levy [14], stating that all ground state prop-
erties are functionals of the density. In particular, the ground state energy
of an electron system in an external potential, i.e., the potential due to a set
of nuclei in a given arrangement, can be found by minimizing the functional
with respect to variations in the density. This leads to a set of equations, to
be solved self-consistently, involving a local potential µXC(r) which describes
exchange and correlation effects [15].
{−~
2
2m
∆ + VS(r) + µxc,σ(r)}Φk,σ(r) = iΦk,σ(r), (2.17)
ρσ(r) =
occ∑
k
|Φk,σ(r)|2, ρ = ρσ + ρ−σ′ (2.18)
where VS is the electrostatic potential due to the nuclei and the electron
charge distribution, and σ is a spin label. Since no exact functionals for
exchange and correlation are known (except for the free electron gas) some
approximations have to be included in order to calculate physical quantities.
Basically, two approximations are used in DFT: (i) Local-density approxima-
tion (LDA), that assumes that exchange-correlation depends on the electron
density locally, and (ii) Generalized gradient approximation (GGA), that
takes density variations into account. The total energy can be written as:
Et =
occ∑
k
k +
∑
σ
∫
ρσ(xc − µxc,σ − Ve
2
)d3r +
∑
α,β
zαzβ
|Rα −Rβ| (2.19)
where Ve is the electrostatic potential due to the electron charge dis-
tribution and xc is a universal potential fundamentally related to µxc by
d(ρxc)
dρ
= µxc.
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Most quantum chemical methods use a linear variational expansion for
the single particle orbitals
Φk,σ(r) ≈
∑
cj,k,σφj(r) (2.20)
This converts the differential eigenvalue problem (2.17) into a generalized
matrix eigenvalue equation∑
j
hi,j,σcj,k,σ = k
∑
j
si,jcj,k,σ (2.21)
where
hi,j,σ =
∫
φi(r){−~
2
2m
∆ + Vs(r) + µxc,σ[ρσ(r), ρ−σ(r)]}φj(r)d3r (2.22)
and
Si,j =
∫
φi(r)φj(r)d
3r (2.23)
DFT methods are typically characterized by the type of orbital expan-
sion functions φi used, e.g., Gaussian linear combination of atomic orbitals
(LCAO), slater type orbital LCAO, numerical LCAO, multiple scaterring,
linearized augmented plane waves, etc.
In this thesis, two different methods have been used.
The results presented in chapter 5 for the DCNQI/Cu(100) and in chap-
ter 4 for the mixed TCNQ-TTF/Ag(111) layers were obtained by the group
of Fernando Marín in the Universidad Autónoma de Madrid using the VASP
package [16]. In VASP, central quantities, like the one-electron orbitals,
the electronic charge density, and the local potential are expressed in plane
wave basis sets. DFT calculations using the Perder-Burke-Enzerhof (PBE)
exchange-correlation functional [17] were performed with the projector aug-
mented wave (PAW) method [18]. The dipole correction and the Grimme’s
van der Waals correction [19] were included in the DFT total energies. In
all cases, the substrate was modeled by placing a four-layer slab of atoms
with the unit cell determined by experiments, separated by ∼ 25 Å of vac-
uum in the surface normal direction. A cutoff energy up to 600 eV was
chosen for the plane wave expansion. The geometries were optimized using a
conjugated-gradient algorithm until the forces on each ion are smaller than
0.02 eV Å−1. A 3×3×1 Monkhorst-Pack grid for k -point smapling was taken
for the geometry optimizations [20]. The total energies for the optimized
structures were further refined by performing single-point calculations using
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finer k -point grids, 4×4×2 and 5×5×2 k -points for the trans- and the cis-
self-assembled networks on Cu(100), respectively.
For the rest of the systems in this thesis, DFT calculations were carried
out by using the Dmol3 package integrated in the Material Studio program
of Accelrys Inc. [21, 22]. This package employs density functional Hamil-
tonian for molecules and three-dimensional periodic solid and approximates
true wavefunctions through an expansion of crystalline orbitals as a linear
combination of atomic orbitals. Generalized gradient approximation [19] and
PBE, exchange correlation functional, [17] were used throughout. All elec-
trons are included in the calculations. In this case the TS scheme [23] for van
der Waals correction was used. The sampling k -point set was generated auto-
matically, depending on the unit cell size, in the approach of Monkhorst-Pack
scheme [20]. Concerning the accuracy and computational cost, we employ
the DNP basis set (double numerical valence functions plus a polarization
p-function on all hydrogen atoms). The local basis cut-off radius was set to
Rc = 0, 44nm.
Population Analysis.
Since we are dealing with donor and acceptor systems and charge transfer
complexes, one of the results we are more interested in is charge transfer
between molecules, and between molecules and the metal substrate. To get
an idea of how the charge is distributed in a system, a population analysis
must be carried out. However, once the structure has been optimized and
the electronic density calculated, there are different methods to partition the
charge. Some of them are based on electronic orbitals (Mulliken, Coulson, ...)
and others are based only on the charge density (Bader, Hirshfeld, ...). In this
thesis, we have used the Mulliken population analysis. In this method, half
of the overlap population between orbitals is assigned to each contributing
orbital, giving the total population of each atomic orbital. Summing over all
the atomic orbitals on a specific atoms gives us the gross atomic population.
The main problem with the Mulliken analysis is that it is highly basis set
dependent. However, we have compared the results obtained from Mulliken
analysis and from a Hirshfeld analysis, and although the magnitude of the
Hirshfeld charges is in general smaller than for Mulliken, the total charge on
the molecule is approximately the same in both case (Table 2.1).
In any case, however, it is important to have in mind that the results
given in this thesis are just approximate, and probably make more sense
when compared with another (in all cases, the same basis set was used).
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Table 2.1: Mulliken and Hirshfeld values for TCNE and TCNQ molecules when
adsorbed on Ag(111).
TCNE TCNQ
Dmol3 Dmol3
Mulliken Hirsfeld Mulliken Hirsfeld
N -0.30 -0.23 -0.31 -0.24
C1 +0.16 +0.04 +0.16 +0.05
C2 -0.16 -0.05 -0.23 -0.06
C3 +0.05 -0.02
C4 -0.12 -0.06
H +0.12 +0.04
Q -0.89 -086 -0.99 -1.02
Van der Waals corrections.
One of the most significant problems with DFT is the inability of stan-
dard functionals to describe long-range electron correlations (also known as
dispersion forces or van der Waals forces). Dispersion forces originate from
the response of electrons in one region to instantaneous charge density fluc-
tuations in another. The main term of such interaction is dipole-induced
dipole, which gives rise to the well known −1/r6 dependence with the inter-
atomic distance. Standard functionals do not describe these forces because
instantaneous density fluctuations are not considered, and they consider only
local properties to calculate the exchange correlation-energy. Many different
DFT -based methods have been developed to try to fix this problem. The
most simple approach is to add an additional energy term which accounts
for the missing long range attraction:
Edisp = −
∑
A,B
CAB6
R6AB
, (2.24)
where the dispersion coefficients CAB6 depend on the elemental pairs A
and B. Although this correction scheme looks very simple, it has also sev-
eral short comings, one of them being that it is not clear how to obtain the
C6 coefficients. One of the most used methods was given by Grimme [19],
who calculated the dispersion coefficients from a formula that couples ioniza-
tion potentials and static polarizabilities of isolated atoms. A problem with
this solution is that the coefficients do not depend on the oxidation state
or chemical environment of the element, and the error introduced by this
approximation can be large. So, thus, other schemes have been developed to
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introduce this dependence. In particular, in the method of Tkachencko and
Scheﬄer [23] the dispersion coefficient of an atom in a molecule depends on
the effective volume of the atom (when the atoms is “squeezed”, its electron
cloud becomes less polarizable, leading to a decrease of the C6 coefficient).
After calculating the electronic structure of the system of interest, the elec-
tron density of a molecules is divided between the individual atoms, and for
each atom, its corresponding density is compared to the density of a free
atom. This factor is then used to scale the C6 coefficient.
2.5 Experimental setup
The experiments have been carried out with the system shown in figure 2.7
in the surface science laboratory (LASUAM) of the Universidad Autónoma
de Madrid. The system is called TIREMISU (TIme REsolved MIcroscopy of
SUrfaces). The system works in Utra high vacuum (UHV) conditions and it
is divided in three chambers: preparation chamber, STM chamber and XPS
chamber, that I describe in more detail in the next sections.
2.5.1 Preparation chamber
The preparation chamber contains:
1. A load-lock.
2. A manipulator.
3. A mass spectrometer.
4. A LEED optics.
5. A sputter gun.
6. A molecule evaporator.
The load-lock is a small chamber, like a small cube, with a transfer bar
(pumped by a rotatory pump and a turbo pump), used for introducing sam-
ples from outside to the preparation chamber without breaking the vacuum in
the main system. The preparation chamber is used for cleaning and prepar-
ing the sample. The cleaning process consists of cycles of sputtering and
annealing. The chamber has a sputter gun, so the sample can be bombarded
with Ar+ ions, and the sample can be heated up with W filaments located
on the head of the manipulator. Since this head is electrically isolated from
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Figure 2.7: Overview of the TIREMISU system: (a) Preparation chamber (green
color), STM Chamber (blue color) and XPS Chamber (gray color). (b) Photo
courtesy of José Luis F. Cuñado ©.
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ground, annealing by electron bombardment is also possible. To control the
annealing, two thermocouples are located on the head close to the sample.
The manipulator is also used as a transfer bar to move samples from the
preparation chamber to the STM chamber.
For deposition in this chamber we have one molecule evaporator (green
light color in figure 2.7), that can be isolated by a valve from the preparation
chamber, so we can degas the molecules without contaminating the chamber,
or change the molecule powder without braking the vacuum in the prepara-
tion chamber. Its vacuum system is the same of the load-lock system. In
the preparation chamber the vacuum elements are a rotatory pump, a turbo
pump, and an ion pump.
2.5.2 STM chamber
This part of the system, (blue chamber figure 2.7) has different components:
1. A transfer bar.
2. A variable temperature scanning tunneling microscope.
3. A molecule evaporator.
4. A parking.
In this chamber, the vacuum element is an ion pump. As mentioned
before, the sample is introduced in this chamber with the manipulator of
the preparation chamber, as shown in figure 2.8. With the transfer bar,
the sample can be mounted facing down in the STM. This microscope is a
commercial Aarhus STM from Specs company.
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Figure 2.8: Photograph of the interior of the STM chamber. 1. Aluminium
block of the STM; 2. the place where the sample holder is mounted for STM mea-
surements: it is normally held down on the STM top by two copper clamp;, 3. Head
of the manipulator of the preparation chamber; 4. Parking; and 5. Transfer bar.
In this STM the tip is connected to ground and the sample is connected
to the bias voltage. The tip is usually made of tungsten, and it is mounted
on a piezolectric system. Figure 2.9 shows a schematics of the piezo scanner.
The sample is fixed on the STM by two copper clamps.
The movement of the tip consists of two modes: approach, and scan.
In the approach mode the tip goes to the sample until reaching the tunneling
regime. This movement is realized by a linear motor, called the inchworm,
consisting of a piezoelectric tube fitted around a ceramic rod. The inchworm
is divided in three sections, with the corresponding electrodes attached. The
middle section controls the elongation of the tube while the upper and lower
sections clamp or unclamp the piezo tube to the rod. By applying a sequence
of voltages to the electrodes, the rod can be moved up or down. All the
approach sequence is done by the electronics. To prevent tip collisions the
motor stops at a preset value of the tunnel current.
For the scan mode the tip is mounted on a piezoelectric 4-fold segmented
scanner tube connected to the ceramic rod. This piezo tube has a single
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common electrode on the inside and four electrodes on its outside, which
control the tip movement in the X-Y directions. This is achieved by ap-
plying asymmetric voltages, to contract and expand the piezo elements, to
opposite electrodes on the outer section of the scanner tube. The Z direction
is controlled by a feedback system which keeps the tip-sample distance con-
stant by applying a bias voltage to the inner electrode, causing an expansion
or contraction of the whole tube scanner along the Z direction.
Important advantages of this compact design are a fast approach between
tip and sample, a very high mechanical stability, and a very fast scan speed.
The tip is very stable and usually it is not necessary to replace it for a long
time. The tip is always at room temperature while the bulk of the microscope
can be cooled down with liquid nitrogen. The measurement temperature
range used in this thesis goes from 100 K to room temperature.
Figure 2.9: a) Scheme of the Aarhus STM. b) The head of the STM. The tip is
in the center of the head pointing up. The sample is mounted facing down held by
two copper clamps.
Since the STM aluminum block has an optical access, the molecules can
be deposited directly onto the sample when it is placed on the STM, using
a molecule evaporator directed to the microscope (green light color in figure
2.7), which allows to deposit the molecules with the substrate held at dif-
ferent temperatures. Hence, different experiments can be studied depositing
the molecules with the sample held at low temperature and then continue
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measuring at any temperature between 100 K and room temperature. The
vacuum system for the molecule evaporator is the same than for the other
evaporator in the preparation chamber. The last component is the parking,
in which six samples can be stored and also annealed.
2.5.3 XPS chamber
The XPS chamber was incorporated in the system during my thesis. The
components of this chamber are:
1. A variable temperature manipulator.
2. The X-ray source.
3. A monochromator.
4. An hemispherical electron energy analyzer.
Figure 2.10: a) The hemispherical energy analyzer commercial from SPECS
(PHOIBOS 150 with 5 channeltron). b) Ellipsoidal quartz cystal monochromator
from SPECS (FOCUS 500). c) X-ray source, also from SPECS (XR 50 M); this
source has two target: Al Kα and Ag Lα.
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The sample transfer from the STM chamber to this chamber can be done
with the manipulator. This manipulator is similar to the existing in the
preparation chamber, but in this one the sample can be cooled down to
liquid nitrogen temperature.
This chamber has a commercial X-ray source (Fig. 2.10) from SPECS,
XR 50 M, that has two anodes, which implies that two different photon
energies can be selected; one of the targets is Aluminum, which emits Kα
radiation with a photon energy of 1486.6 eV, and the second anode is Ag,
which emits Lα radiation with a photon energy of 2984 eV. To generate the
X-ray beam, the anode (target) is bombarded by electrons coming from a
filament. Due to the high voltage difference (15 KV, high voltage) between
the filament and the anode, the electrons are accelerated towards the anode.
The atoms of the anode are excited so an ionization process of electron core
levels occurs and the anode emits x-ray radiation. Due to these collisions the
anode can overheat, so it is necessary to cool it down with water to avoid
damages in the anode material.
The radiation from the X-ray source goes to the ellipsoidal quartz sin-
gle crystal monochromator where it is reflected and focused to the sample.
This monochromator is also commercial from SPECS, model FOCUS 500,
and reduces the line width of the x-ray source. The monochromator works
according to Bragg’s Law of X-ray diffraction:
nλ = 2d sin θ (2.25)
The monochromator can reduce the line width of the x-ray source. Due to
the small source size the monochromator resolution is limited by the rocking
curve width of the quartz crystals to 160 mV. In our case, the reference sample
was 3d5/2 of silver sample, and the full width at half maximum intensity is
0.8 eV.
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Figure 2.11: Path of the X-ray radiation, from the source, to the sample, through
the monochromator.
When the radiation hits the sample, the electrons ejected outside the
sample are collected by an hemispherical electron energy analyzer, PHOIBOS
150, also commercial from SPECS. The first part of this detector is a lens
system, the lens tubes, that defines the analysis area and angular acceptance
by imaging the emitted particles onto the entrance slit of the analyzer. In
addition, the electrons are retarded in the lens for subsequent energy analysis.
The second part is the energy analyzer, which consists of two hemispherical
spheres (inner and outer concentric hemispheres) that act as an energy filter.
The electrons that leave the analyzer enter in the detector which can be
of different types: channeltron, CCD detector, delay-line detector and spin
detector. In our case, it consists of 5 channeltrons.
In summary, this unique TIREMISU system is a very powerful tool, that
allows to inspect the same sample with atomic resolution by STM and, very
important to provide electronic information by XPS of exactly the same sam-
ple. So, it is possible to do a very complete study about what is happening
to the molecules absorbed on a metal substrate, both at low (100 K) and
room temperature. For example, if the system has different structure at low
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temperature and room temperature, it is possible to study these two different
situations in both the STM and XPS chambers. Usually, the measurements
were carried out first with STM, then with XPS, and after that again with
STM to check if the radiation has somehow changed the molecule. In some
cases, radiation damage can be prevented by carrying out the XPS measure-
ments at low temperature.
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3
Donor and acceptor molecules on
solid surfaces
In this chapter we will discuss the adsorption and assembly of some donors
and acceptors molecules on solid surfaces. We will report the properties of the
individual components: two electron acceptor molecules (TCNE, TCNQ) and
one electron donor molecule (TTF), when absorbed separately on a Ag(111)
substrate. In the next chapter, we will study the self-assembly of combined
donor-acceptors systems on Ag(111).
3.1 Introduction
In the last decades organic chemistry has had a huge importance in the de-
velopment of new organic electronic devices: organic-light emitting diodes
(OLEDs), photovoltaic solar cells and organic field effect transistors (FETs)
[24–27]. Most of these systems are composed of donor and/or acceptor
molecules deposited on solid substrates, which has prompted the study of
the growth of organic thin films on solid surfaces. Some of the reported sys-
tems have been, for example, in the case of acceptor molecules, fullerenes
(C60, C70, PCBM) [28], TCNQ [29, 30] and his derivatives, like F4-TCNQ
[31], TCPQ [32], and in the case of donor molecules, pentacene [33], TTF
and his derivates [34–36], etc.
Figure 3.1 shows the electronic affinity and the ionization potential of
the different molecules used in this chapter, and the work-functions of some
representative substrates.
30 Donor and acceptor molecules on solid surfaces
-12
-10
-8
-6
-4
-2
0
  HOMO
  LUMO
 
eV eV
TCNE
TCNQ
TTF
-12
-10
-8
-6
-4
-2
0
 
 
12
10
8
6
4
2
0
 EA
 IP
 
 
φ
0
2
4
6
8
10eVeV
Ag(111)
Au(111)
Cu(100)
TCNE
TCNQ
TTF
Vacuum level
 
 
0 2 4 6 8 10 12 14
2
4
6
8
10
LUMO
HOMO
E
A
TC
N
E
A
0 2 4 6 8 10
0
2
4
6
8
10
Figure 3.1: a) Calculated HOMO and LOMO levels for TCNE, TCNQ, and
TTF. b) Their electron affinities and ionization potentials: TCNQ (EA = 2.81eV ,
Ip = 9.11eV ) [37–40], TCNE (EA = 2.4eV , Ip = 11.76eV ) [41–44], and TTF
(EA = 0.17eV , Ip = 6.83eV ) [45–47]. The work-functions of some representative
metals are also plotted: φAu111 = 5.31eV , φCu100 = 4.59eV , φAg111 = 4.74eV
[48–51].
3.2 Description of the TCNE molecule
Tetracyanoethylene (TCNE, C6N4), more correctly ethenetetracarbonitrile,
is a clear colored organic compound first synthesized in 1957 at E. I. du Pont
de Nemours and Co. by the copper-catalyzed thermolysis of dibromomaloni-
trile [52]. This molecule belongs to the cyanocarbons group, and it is one of
the most versatile organic compounds, used in many different reactions [53–
56]. It is a strong electron acceptor with a large electron affinity (the values
reported in the literature encompass a broad uncertainty ranging, from 1.7
eV to 3.17 eV [41–43]) and an ionization potential of ∼ 11.76 eV [44].
This molecule, planar and symmetric, can be viewed as an ethylene
molecule with the four hydrogen atom replaced with cyano groups (Figure
3.2a). These cyano groups have low energy pi∗ orbitals, and the presence
of four such groups, with their pi systems linked (conjugated) to the central
C=C double bond, gives rise to an excellent acceptor. Figure 3.2b shows the
calculated electrostatic potential projected onto a charge density isosurface;
this electrostatic potential is color coded, going from red (more negative) to
blue (more positive). This reveals that there is a negative potential around
the nitrogen atoms, and a positive one close to the central C=C molecule.
Figures 3.2c and 3.2d show the frontier molecular orbitals in gas phase, High-
est Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
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Orbital (LUMO) respectively.
Figure 3.2: a) Chemical structure of TCNE; dark blue spheres are nitrogen
atoms, light blue spheres are carbon atoms, b) the electrostatic potential projected
onto a charge density isosurface (blue and red color means positive and negative po-
tential, respectively). Frontier molecular orbital of TCNE in gas-phase c) HOMO,
and d) LUMO.
On the other hand, some of the compounds M(TCNE)x, where M is
a paramagnetic transition-metal ion, form an important group of ferromag-
nets with many potential applications, since some of them (in particular
V(TCNE)) have a relatively high curie temperature of up to 400 K. Thus,
TCNE can play an important role in molecule-based room-temperature mag-
nets (molecular magnets) and spin-injections devices [57, 58].
The adsorption of TCNE on noble-metal surfaces has been extensively
investigated: for example on copper (100) [59], (111) [60], silver(100) [61,
62] and gold(111) [63], showing different molecule-molecule and molecule-
substrate interactions. On the other hand, some examples of studied thin
film organic magnets include V(TCNE) on Ag(100) [64], on nickel [65], glass,
and NaCl [66], Co(TCNE) on gold [67, 68], Ni(TCNE) on gold [69], etc
Experimental
These molecules are very volatile; they were evaporated at room tempera-
ture from a glass crucible refrigerated by cooling water. During sublimation
the sample was placed in the STM, which allows both deposition on the
metallic substrates and STM imaging to be carried out in the temperature
range of 100 K to 300 K.
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3.2.1 TCNE on Au(111)
One of the main goals of our work is to build donor-acceptor charge transfer
complexes on metal surface. For this reason we need a substrate where the
interaction molecule-substrate is rather weak. Previous studies have shown
that TCNE has a strong chemical interaction with copper [63], so we started
with a less reactive substrate.
In the first experiments, we have used a Au(111) substrate, as shown
in figure 3.3. When the molecule was deposited at room temperature, the
sample surface looks clean, even if the STM images are acquired at 180 K, im-
plying that TCNE molecules do not adsorb on Au(111) at room temperature.
Figure 3.3a, Figure 3.3b and Figure 3.3c show representative STM images
recorded at 173 K after depositing 0.7 ML of TCNE on Au(111) at 173 K.
The molecules form well-ordered islands. The lengths of the unit cell vectors
are b1 = 5.8(±0.8) Å, b2 = 5.8(±0.8) Å, and γ = 1100, where γ is the angle
formed by b1 and b2. The herringbone reconstruction of Au(111) is visible
through the layer of molecules, suggesting that the Au-TCNE interaction is
rather weak.
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Figure 3.3: a,b,c) STM image of 0.7ML of TCNE on Au(111); the molecules
were sublimated at 173 K and the images were acquired also at 173 K. The recon-
structed Au(111) surface with his characteristic herringbone pattern is still visible
under the TCNE layer. d) STM image (taken at 175 K) after annealing the sample
at RT: the ordered islands disappear. The image shows the clean gold surface with
some remaining clusters, probably due to the desorption of TCNE. a) 489 Å × 564
Å; -0.10 nA, -1.8 V. b) 147 Å × 169 Å; 0.20 nA, 0.60 V. c) 68 Å × 79 Å; -0.16
nA, -2,43 V. d) 489 Å × 564 Å; -0.22 nA, -1.7 V.
After annealing at room temperature the molecular self-assembled islands
disappear, as shown in figure 3.3d (the STM image was taken at 175 K),
although some irregular clusters remain on the surface. In addition, XPS
measurements show that the nitrogen peak has disappeared completely. We
can conclude that the molecule was desorbed and/or decomposed from the
gold surface after annealing to room temperature, so this substrate does not
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seem appropriate for building donor-acceptor networks with the TCNE as
the acceptor molecule. We can observe the different behavior of the same
molecule on gold (weak interaction) and on copper (strong interaction), which
shows the important role of the substrate in the molecular adsorption process.
3.2.2 TCNE on Ag(111)
In this section, we will study the adsorption of TCNE on Ag(111), a substrate
where, in principle, an intermediate behavior, when compared to copper and
gold, should be expected.
3.2.2.1 Adsorption of TCNE on Ag(111)
at low temperature
In the first series of experiments TCNE was deposited on the surface of a
Ag(111) single crystal at 130 K. The STM measurements were also taken
at the same temperature. Figure 3.4a shows the surface after depositing 0.3
ML. Well-ordered 2D islands are formed. These islands are not connected to
the step edges, so it seems that they have started to grow on the terraces. In
figure 3.4b it can be observed that these ordered islands can be found in two
different orientations, rotated 100 with respect to each other. The appearance
of the island changes with the bias voltages. The self-assembly seems to have
a honeycomb shape with symmetry P6m [70] when topographic STM images
were acquired with negative voltage, as shown in figure 3.4c. However, if the
bias voltage changes to positive values, the ordered island looks like a Kagome
lattice, belonging to the trihexagonal tiling with symmetry P3m1 [70], as
shown in the figure 3.4d. Figure 3.5a shows a zoom inside one of the islands,
where each protrusion corresponds to one TCNE molecule. The green square
is the resulting unit cell with sides b1 = 18.9(±1.5) Å, b2 = 18.9(±1.6) Å, and
γ = 1200. For this unit cell, the matrix describing the epitaxial relationship
with the substrate can be written as
(
b1
b2
)
=
(
7 5
−5 2
)(
a1
a2
)
. The unit cell
directions forms ±50 with the secondary high symmetry axis, in agreement
with the experimental results. Thus, the arrangement of the molecules leads
to a chiral structure, as shown in the figure 3.4b.
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Figure 3.4: a) Large scale STM image taken after depositing TCNE on Ag(111)
at 130 K (all the images were acquired at 130 K). b) STM image showing the two
possible orientations of the islands. c,d) STM images of the same TCNE island
taken with negative and positive bias voltage, respectively. a) 978 Å × 1227 Å; 0.3
nA, 1.7 V. b) 293 Å × 368 Å; 0.26 nA, 1.5 V. c) 196 Å × 245 Å; -0.27 nA -1.3
V. d) 196 Å × 245 Å; 0.27 nA, 1.5 V.
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Figure 3.5: a,b) Close-up images of the TCNE islands. The green square is the
resulting unit cell. The blue dots in (b) indicate the position of the silver adatoms.
c-d) STM image showing the modification of the steps of the silver substrate after
depositing TCNE at low temperature, the inset in (d) shows an STM image, taken
at 130 K, of a step in the clean Ag(111) surface. e) The model for the 2D Ag-TCNE
coordination network, result of a DFT calculation, for a free standing monolayer.
f) A model, result of a DFT calculations, for the Ag-TCNE coordination network
(the light blue balls are the silver adatoms). a) 68 Å × 86 Å, 0.240 nA, 1.7 V, b)
68 Å × 86 Å, 0.29 nA, 1.3 V, c) 928 Å × 785 Å, 0.3 nA, 1.7 V, d) 330 Å × 281
Å; 0.31 nA, 1.7 V. Inset d) 334 Å × 447 Å; -0.7 nA, -2.4 V.
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Figure 3.5b shows a high resolution STM image where some structures
with spherical shape can be observed between the molecules (for clarity, the
position of some of them have been marked with blue circles). We think
that these structures are Ag adatoms coming from the Ag surface that are
forming a Ag-TCNE coordination networks with the TCNE molecules. Ac-
tually, STM images of the step edges of the surface (figure 3.5c and figure
3.5d) show that they do not look straight as in the clean silver clean surface.
On the contrary, the step edges are completely irregular, with some gulfs,
like etched; and there are some holes even on the terraces. Step etching
and adsorbate induced modification of metal surfaces have been observed for
oxygen, sulfur, or organic molecules containing electronegative units (e.g.,
benzoic acid, carboxylic or anhydride groups) [71–74]. Very recently, step
etching of the Cu(100) surface after room temperature deposition of F4-
TCNQ (tetrafluoro-tetracyanoquinodimethane) has also been reported [75].
In many cases (including the last one), step etching leads to surface faceting,
where the molecule-substrate interaction can stabilize high Miller index sur-
faces [73]. In our experiments, the STM images strongly indicate that the
presence of silver adatoms is due to TCNE-induced step etching; that is, the
silver adatoms participating in the Ag-TCNE coordination networks are step
edge atoms removed from the steps due to their interaction with the TCNE
molecule.
An schematic model for this coordination network is shown in figure
3.5e. In this arrangement, each Ag atom is coordinated with three TCNE
molecules, while every molecule is coordinated to two silver adatoms. The
network stoichiometry is Ag:TCNE=2:3. To understand the role of the sub-
strate in the arrangement, DFT calculations were carried out for a free stand-
ing monolayer of a Ag-TCNE coordination network with a similar geometry
(figure 3.5f). The lattice parameter for the optimized structure is 18.4 Å,
in good agreement with the experimental results. Thus, it seems that the
substrate, besides providing the silver adatoms, only determines the possible
orientations of the islands. DFT calculations were also carried out for the
model shown in figure 3.5e (including the silver substrate). The results will
be discussed later.
Nucleation process. Even for low coverages and low temperature (130
K), the molecules could not be found in isolated form on the terraces. The
sequence of STM images shown in figure 3.6a-d shows changes in size and
shape of the TCNE islands even at this temperature. The area corresponding
to the clean surface has a fuzzy appearance due to the presence of diffusing
molecules. At the same time, TCNE islands are continuously changing shape
and size, maintaining the honeycomb structure. Figure 3.6f shows the mini-
mum building block that can be observed (marked with the smaller blue circle
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in figure 3.6e) contributing to the self-assembly of the islands. It consists of
three TCNE molecules around one silver adatom. However, the apparently
most stable unit is the hexagonal motif (as shown in figure 3.6f, black circle).
Figure 3.6: a-d) Sequence of STM images, taken every 30 s, of 0.1 ML of
TCNE grown at 133 K on Ag(111) and imaged at the same temperature. Even at
this temperature the molecules are very mobile. e) Another STM image where the
minimum stable building block can be observed (marked by the blue circle). f) A
model for the most stable building blocks participating in the islands growth. a-d)
293 Å × 368 Å; -0.18 nA, -1.35 V. e) 293 Å × 368 Å; -0.16 nA, -2.09 V.
According to these results, the following model can be proposed for the
nucleation and growth of the Ag-TCNE coordination network: At 130 K the
TCNE molecules are still very mobile. When they reach a step, the cyano
groups do not only interact with the silver terrace atoms, but also with the
silver atoms at the step edges. Most probably, the diffusing TCNE molecules
are able to pull out some atoms from the steps, which diffuse over the surface
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and interact with the TCNE molecules to form the LT coordination network.
3.2.2.2 Adsorption of TCNE on Ag(111)
at room temperature
In another series of experiments the molecule was deposited with the silver
substrate held at room temperature. The STM images, shown in figure
3.7, were recorded either at room temperature, either at low temperature
(close to 170 K), but no change with the temperature measurement could
be observed. After depositing 0.3 ML of TCNE on the silver surface, the
molecules also form well-ordered islands with a honeycomb symmetry, like
at low temperature, but with a different motif and unit cell. Also, islands
with two different orientations can be found on the silver surface, as shown
in figure 3.7a-b. The red rhomboid in figure 3.7d marks the unit cell for
one of the two orientations, with sides b1 = 23.3(±1.1) Å, b2 = 23.3(±1.2)
Å, and γ = 1200. For this arrangement, the matrix describing the epitaxial
relationship with the substrate can be written as
(
b1
b2
)
=
(
10 5
−5 5
)(
a1
a2
)
.
The orientation of this unit cell vectors differs 100 with respect to the
high symmetry axis of the silver substrate, leading to a chiral arrangement
of the molecules and explaining the two types of islands found on the surface.
Like at low temperature, the appearance of the arrangement depends on the
bias voltage (figure 3.7b-c), the shape of the island in one case is consisting
by hexagon and in the other case this network is building by spheres.
Also in this case a zoom inside the island (figure 3.7d) seems to indicate
the presence of silver adatoms (some of them are marked with blue circles)
participating in the assembly of the TCNE molecules, giving rise to a new Ag-
TCNE coordination network. A model for this structure is shown in figure
3.7e. In this case, each Ag adatom is coordinated with three molecules,
but every molecule is coordinated to three silver adatoms and the network
stoichiometry is Ag:TCNE=1:1 (in the low temperature case it was 2:3).
The larger amount of silver atoms can be explained by noting that at room
temperature the probability of step etching increases, the population of silver
adatoms on the surface increases accordingly, and a new coordination network
with a higher Ag:TCNE ratio is formed. Note, however, that the appearance
of the step edges is different from the low temperature case. Now they look
more straight, and are fully covered with molecules, as shown in figure 3.7a,
which can be explained by a self-healing process; due to the more effective
atomic diffusion along the steps, they can recover their original shape. Based
on this model, DFT calculations for a free standing monolayer were carried
out. The blue rhombus in figure 3.7f represents the resulting unit cell, with a
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lattice parameters of 23.2 Å, in good agreement with the experimental value.
The room temperature arrangement can also be obtained by depositing
the molecules at low temperature, and then increasing the temperature up
to room temperature. This transition, however, is irreversible: once the
room temperature arrangement is obtained, lowering the temperature does
not modify the situation. Also, we found some intermediate temperature at
which the low temperature phase coexists with the room temperature phase.
We will discuss this transition state later in more detail.
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Figure 3.7: STM images of TCNE grown at room temperature on Ag(111),
a,d) STM image acquired at 170 K. b,c) STM images with two different voltages,
measured at room temperature. d) Close-up image of a TCNE island, where the
silver adatoms can be clearly seen (the blue dots indicate the positions of some of
the silver adatoms, while the red rhombus is the unit cell. e) A model for the RT
arrangement, result of a DFT calculation (the blue spheres are the silver adatoms).
f) A 2D model of the TCNE arrangement at room temperature. a) 489 Å × 614
Å; -0.32 nA, -2.08 V. b) 293 Å × 368 Å; -0.36 nA, -2.2 V. c) 293 Å × 368 Å;
-0.25 nA, -1.2 V. d) 68 Å × 86 Å; -0.19 nA, -1.2 V.
42 Donor and acceptor molecules on solid surfaces
Figure 3.8: Two different models, without (a,b) and with (c,d) silver adatoms,
results of DFT calculations, for the LT (a,c) and RT (b,d) arrangements of TCNE
on Ag(111).
Note that it is possible to build TCNE self-assembled structures with
similar geometries to those shown in figures 3.5f and figure 3.7f without Ag
adatoms (figure 3.8a-b). DFT calculations for a free standing monolayer were
also carried out for these networks. In the low temperature arrangement, the
lattice parameter turns out to be 14.9 Å which is significantly lower than
the experimental value (18.4 Å). On the other hand, the theoretical lattice
parameters for the room temperature self-assembly is 20.8 Å which is also
too small when compared with the experimental value (23.3 Å). This is an
additional confirmation of the participation of silver atoms in the TCNE
arrangement.
The participation of substrate adatoms in the formation of metal organic
coordination networks has been previously reported, especially in the case of
copper substrates [76, 77]. Their presence as a 2D gas on the surface is due
to the continuous evaporation from the atomic steps, and their concentration
strongly depends on temperature but also on the surface orientation. Thus,
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they have been observed to form part of metal-organic complexes at 300 K
on Cu(100) but only at 425 K on Cu(111) [78]. In the case of Au(111), it has
been proposed that the adatoms may originate from the lifting of the herring-
bone reconstruction. However, the extent of the presence of silver adatoms
on a silver crystal is not clear. Although their participation in metal-organic
coordination networks like hybrid chains with silver adatoms have been pro-
posed, (in cases where the molecules contains C-I or C-Br bonds, this kind
of reactions have been used on copper [79, 80], silver [81, 82], and gold [83]
substrates), the activation barrier for atom detachment from a step has been
estimated to be 0.71 eV [84], which makes diffusion along the step edges
the dominant mechanism explaining step fluctuations on this surface, even
at room temperature. Another possibility, suggested in the case of TCNQ
on Ag(111)[85], that would explain the existence of silver adatoms is the
rearrangement of substrate atoms due to the strong interaction with the
cyano groups of the molecule, in a similar way to what has been reported for
TCNE and TCNQ on Cu(100) [30, 59]. In our case, however, we can con-
clude that the presence of silver adatoms is due to the TCNE-induced step
etching. Up to now, the most common functional groups normally used to
form the ligand-metal bonds have been the carboxylate, pirydil and carboni-
trile groups. Within the last family, dicarbonitrile-polyphenyls [86], TCNQ
[87–89], and F4-TCNQ [90] have been employed. However, to our knowledge,
no extended purely 2D network has been reported using TCNE, and only the
bottom-up fabrication by atomic manipulation of small V-TCNE clusters on
Ag(100) has been reported [64]. This could be interesting because TCNE
is one of the smallest molecules involved in metal organic coordination net-
works (together with the carboxylic acid C204H2) [91], and therefore able to
provide a rather short metal-to-metal distance (between 7 and 10 Å in the
TCNE-derivatives bulk metal organic magnets) [92].
Molecular self-assembly of TCNE on Ag(111) at high coverage
While at low temperature only one phase was found, at room temperature
other types of arrangements were found for higher coverages. Due to the
complexity of these networks we will not discuss them in detail. After room
temperature deposition, as shown in figure 3.9 (STM images taken at 300 K),
the molecules formed well-ordered islands with a more compact hexagonal
arrangement. Around the islands some fuzzy noise can be observed, due to
the mobility of the molecules. The unit cell vectors of this new structure
measure b1 = 31.7(±1.5) Å, b2 = 31.7(±1.4) Å, and γ = 1200. Also in this
case the network seems to include some silver adatoms, as shown in figure
3.9b (some of them are marked by a black circle), although we could not
44 Donor and acceptor molecules on solid surfaces
figure out a specific molecular model for this assembly.
Figure 3.9: STM images taken after room temperature deposition of TCNE on
Ag(111) (all the images were acquired at room temperature). a,b) The more compact
hexagonal network. c-e) Rectangular network of TCNE with silver adatoms. f) A
model of this rectangular structure. a) 293 Å × 368 Å; -0.37 nA, -1.9 V b) 98 Å
× 123 Å; -0.08 nA, -0.8 V. c) 293 Å × 368 Å; -0.08 nA, -0.8 V. d) 68 Å × 86 Å;
-0.1 nA, -1 V. e) 49 Å × 61 Å; -0.1 nA, -0.8 V.
Occasionally inside these islands, another type of arrangement with a
different order can be found, as shown in figure 3.9c. This new assembly has
a rectangular unit cell, with sides b1 = 8.0(±0.9) Å, b2 = 11.3(±0.8) Å, and
γ = 900. This structure is also composed of molecules and silver adatoms.
In figures 3.9d and figure 3.9e the TCNE molecule is the elongated bright
protusion, and it is surrounded by four smaller round protrusions, However,
not always the four protrusions appear, which seems to indicate that they are
not a part of the intrinsic structure of TCNE and could be silver adatoms.
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A model for this structure is shown in figure 3.9f. DFT calculations for
this free standing 2D layer give b1 = 8.6 Å, and b2 = 10.0 Å, very close to
the experimental results (a very similar arrangement has been reported for
TCNE on Cu(100) [63], where the small protrusions around the elongated
protrusions correspond to the copper atoms and hence the islands built a
metal-organic coordination network with the copper substrate). Between
the rectangular island and the hexagonal one there is an area where the
molecule are diffusing on the surface and whose size is continuously changing
since the molecules are attaching and detaching of the island all the time.
Close to the Monolayer
For larger coverages, a new type of closed-packed island of TCNE molecules
appears, initially coexisting with the hexagonal phase, as shown in figure
3.10a (STM images taken at 150 K). In this case there is no free space
between the new kind of island and the room temperature phase, as shown
in figure 3.10b. Increasing the deposition time, the hexagonal phase starts
to disappear and these new ordered islands form big domains with sizes of
hundreds of nanometers. The molecules seem to be arranged in parallel rows
with an intermolecular distance b2 = 7.2(±1.1) Å. Although the apparent
structure changes with the bias voltage, as shown in figure 3.10c and figure
3.10d. Close-up images allow to find out the unit cell of this assembly, shown
in figure 3.10d. The lattice parameter in the direction perpendicular to the
rows is b1 = 47.6(±0.6) Å. The unit cell contains then 5 molecules, although
not equally spaced; two different distances can be observed: while the rows
labeled A-A’ and B-A are separated 7 Å, the other rows (A’-B, B-C and C-B)
are separated 11.2 Å. This pattern is similar to the structure observed when
TCNE is deposited on Ag(100) [61, 62], where the molecule is in one row are
rotated 900 with respect to the next one.
Notice that the distance of 11.2 Å (B-C cell) is similar to the inter row dis-
tance in the structure shown in figure 3.9e . Maybe this structure is the first
stage of the closed-packed phase shown in figure 3.10d when the molecules
covered all the space inside the compact hexagonal phase, further increase of
the molecular density must be accompanied by a phase transformation.
Upon further increase of the coverage, this closed packed molecular struc-
ture continues growing until a new more compact structure starts to appear,
as shown in figure 3.10e and figure 3.10f. The unit cell vectors for this new
phase measure b1 = 7.6(±0.9) Å, b2 = 7.8(±1) Å, and γ = 900. This is-
land is the more compact phase for TCNE molecules on Ag(111) we could
find. A possible model for this structure is shown in figure 3.10g, where DFT
calculations give a lattice parameter of b1 = 7.9 Å and b2 = 8.0 Å.
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Figure 3.10: STM images taken after increasing the coverage of TCNE on
Ag(111) at room temperature (the STM images were taken at 150 K). a-b) Large
STM images of a self-assembled domain of TCNE; they show an hexagonal RT
TCNE islands with a new rhomboid phase developing inside. c-d) Topographic
images showing a zoom inside this new phase, where it is possible to observe the
molecular arrangement. e-f) Increasing further the dosage of TCNE, a still more
compact square phase can be observed. g) A model for this compact structure. a)
293 Å × 368 Å; -0.25 nA, -1.5 V. b) 489 Å × 614 Å; -0.13 nA, -2.6 V. c) 196 Å
× 245 Å; -0.32 nA, -2.3 V. d) 68 Å × 86 Å; -0.09 nA, -0.6 V. e) 293 Å × 368 Å;
-0.12 nA, -0.8 V. f) 196 Å × 245 Å; -0.32 nA, -2.3 V.
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3.2.2.3 TCNE on Ag(111) at intermediate
temperatures
As mentioned in the introduction, the room temperature arrangement can
be obtained by depositing the molecule at low temperature (130 K) and then
annealing the system up to room temperature. After showing the differ-
ent types of phases that can be found depending on the temperature and
coverage, in this subsection we will discuss the self-assembly of the TCNE
on Ag(111) at intermediates temperatures. Figure 3.11 shows STM images
taken after depositing the molecules at 150 K and increasing slowly the tem-
perature up to 200 K. Three types of assemblies are observed to coexist at
this temperature: the usual low temperature phase, the room temperature
phase and a new intermediate phase.
Figure 3.11: Topography STM images, taken close to 200 K, of self-assembled
TCNE island on Ag(111). The molecules were deposited at 150 K, and the tempera-
ture was slowly increased. The images show the coexistence of the low temperature
phase and the room temperature phase, while a new intermediate phase is also
present. a) 685 Å × 859 Å; -0.52 nA, -1.7 V. b) 293 Å × 368 Å; -0.36 nA, -1.5
V. c) 196 Å × 245 Å; -0.4 nA, -0.99 V.
Figure 3.11b shows the coexistence of the three phases (the blacks cir-
cles marked the low temperature phase, the red ellipse indicated the room
temperature island phase, and finally surrounding these islands the new in-
termediate phase can be found). This transition phase can be considered a
mixture of the other two; that is, in one direction it consists of chains of
molecules with the structure of the low temperature island, but in the other
directions these chains assembly together like in the room temperature phase.
The step edges also look like in an intermediate state (figure 3.11a): part of
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them have big gulfs and look like very irregular, like after LT deposition, but
at the same time other parts of the steps edges look much more straight and
fully covered by molecules, like after RT deposition.
3.2.2.4 Electronic structure of TCNE on Ag(111):
XPS measurements and DFT calculations
To study the electronic structure and possible charge transfer effects when
the molecule is adsorbed on the surface, XPS measurements were carried out.
In this case, some radiation damage could be observed after X-ray irradiation
at room temperature, this damage was observed with the STM, where the
islands disappear and the sample are completely dirty. For that reason, all
the XPS measurements reported were carried out here with the sample at
80 K (after irradiation, the sample was measured again in the STM and no
change in the surface could be observed).
Figure 3.12a and figure 3.12b show the C1s and N1s core levels corre-
sponding to the low temperature phase (top position), the room temperature
phase (middle position) and the clean Ag surface (bottom spectra). In both
the LT and RT structures the N1s peaks appears at 398.2 eV (remember that
two broad peaks appearing at ∼ 398.5 and 393.0 eV for the clean Ag surface
are due to bulk plasmon losses)[93]. It has been reported that, for neutral
TCNE, the N1s peak appears around 400.2 eV [65, 67, 94]. On the contrary,
for TCNE salts, where the TCNE molecule is negatively charged, the N1s
peak appears around 398.8 eV, which is closer to the experimentally found
binding energies.
The main C1s peak can be located around 285.4 eV. Again, for the neu-
tral molecule, the C peak appears at 287.7 eV [67], while for TCNE salts the
binding energy is around 285.9 eV [65, 67], once again closer to the experi-
mental value. This value is also closer to that found in TCNQ on Cu(100)
[95]. Figure 3.12c shows that the carbon region spectrum can be deconvo-
luted into two main peaks and a broader one representing a shake-up satellite.
These two peaks are located at 285.5 eV, and 285.1 eV. A Mulliken popula-
tion analysis (see below) of the electronic densities on every carbon atoms
leads to two different groups of atoms: the four carbon atoms in the cyano
groups hold a positive charge of 0.161 e, while the other two carbon atoms,
connected by a double bond, have a negative charge of -0.161 e. Since a pos-
itive charge on an atom increases the binding energy, the carbon close to the
cyano group would thus be expected to appear on the high binding energy
side of the spectra (285.5 eV). The experimental area ratio between the two
components, 4:2, is quantitatively consistent with the expected radio.
Thus, the analysis of the nitrogen and carbon core levels suggest that
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the TCNE molecule is negatively charged when adsorbed on the silver sur-
face. Another proof of this charge transfer from the substrate to the TCNE
molecule is provided by work-function measurements, as shown in figure
3.12d for samples with different coverages. The experimental work-function
of Ag(111) is 4.74 eV, in good agreement with the values reported in the lit-
erature [48, 49], and increases in approximately a linear way when increasing
the TCNE coverage. For coverages over a monolayer the work-function sat-
urates at a value of ∼ 5.7 eV, and the work-function of the metal substrate
can thus increased ∼ 1 eV by depositing TCNE molecules.
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Figure 3.12: XPS spectra of TCNE/Ag(111) taken at 80 K. The intensity of
all the spectra have been normalized to the intensity of the Ag3d5/2 peak. a-b) C1s
and N1s core levels measured after low temperature and room temperature deposi-
tion. The spectra has been displaced vertically for clarity. c) An example of the
deconvolution of the C1s XPS spectrum. d) The work-function of TCNE/Ag(111)
systems as a function of the TCNE coverage.
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In conclusion, the XPS results confirm the existence of an electron transfer
from the substrate to the TCNE molecules, as evidenced by the shift of the
core levels and the increase of the work-function. Similar charge transfer
has been observed for TCNE adsorbed on polycrystalline silver [96], Cu(111)
[97], Cu(100) [59], and Ag(100) [62].
To gain insight into these results, we have performed DFT calculations of
a TCNE molecule on the Ag(111) surface. Of all the tested possibilities, the
minimum energy configuration is shown in figure 3.13. The TCNE molecule
is slightly bent, with the N atoms closer to the silver surface (by 0.30 Å)
than the central C atoms. At the same time, the Ag atoms directly below
the N atoms are slightly pulled up (0.29 Å higher than the ideal surface
termination).
This situation is very similar to what has been reported for TCNE ad-
sorbed on Cu(100) [59] or TCNQ on Cu(100) [30]. In there, the acceptor
molecules strongly modify the copper surface, in such a way that the highest
copper atoms act as bridges between the TCNE molecules. In our case the
calculations also indicate that the molecule gets ∼ 0.88 e from the silver sub-
strate. We have also performed DFT calculations of the LT and RT networks
(figures 3.5e and 3.7e). When the TCNE molecule is coordinated to the silver
adatoms, the total charge on the TCNE molecule is approximately the same
(-0.86 e for the LT phase and -1.15 e for the RT phase). These results seem
to indicate that a strong electron acceptor, such as TCNE, on the silver sur-
face gets negatively charged (with approximately 1 e), irrespectively of the
formation or not of a Ag-TCNE coordination network with silver adatoms.
In the absence of such network, the molecule takes all the charge from the
silver substrate. If the coordination network exists, TCNE takes part of the
electron from the substrate and part from the silver adatom. In addition,
the results indicate that the charge on the silver adatoms is -0.45 e in both
cases.
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Figure 3.13: Results of DFT calculations showing the optimized conformation
of an isolated TCNE molecule on the Ag(111) surface. a) Top view, b) side view.
3.3 Description of the TCNQ molecule
Tetracyanoquinodimethane (TCNQ), discovered in the 60’s by L. M. Melby
and coworkers [98], is one of the strongest organic electron acceptors with
a large electron affinity of 2.81 eV [37, 38] and an ionization potential of
∼ 9.1 eV [39, 40]. TCNQ has long been regarded as a prime candidate
for organic/inorganic charge transfer compounds and it has received great
attention since it forms charge-transfer salts with high electrical conductivity,
a discovery that has been very important in the development of organic
electronics [99, 100]. In the last years, the adsorption and the assembly on
metal surfaces like gold [101], silver [102], copper [30], and graphene [29,
103] has been reported. In some cases the electronic structure of TCNQ is
strongly perturbed by the surface electrons. For example, in the copper case,
TCNQ takes two electrons from the substrate, the cyano groups interact very
strongly with the copper atoms, and this makes the molecule to bend slightly
and some copper atoms to move up close to the nitrogen atoms. Actually,
this rearrangement of the copper surface seems to drive the self-assembly of
the TCNQ molecules [30]. On the contrary, in the case of gold or graphene,
the interaction between molecule and substrate is rather weak [101, 103].
Figure 3.14a shows the chemical structure of TCNQ. It has a central
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quinoid carbon ring, which is connected to four hydrogen atoms and four
cyano terminations groups or two dicyanomethylene groups. Figure 3.14b
and figure 3.14c show the frontier orbitals, HOMO and LUMO, respectively,
of TCNQ in gas phase. A clear difference between these two states is the node
that appears in the center of the molecule in the LUMO case. Also, STM
simulated images are shown in figure 3.14d and figure 3.14e (this adsorption
models was first relaxed in gas phase with the semiempirical PM3 method,
the original program code stems from Oliver Gröning and Roman Fasel at
the EMPA in Saint Gallen, Switzerland) [104].
Figure 3.14: a) Chemical structure of TCNQ (dark blue spheres are nitrogen
atoms, light blue spheres are carbon atoms and white spheres are hydrogen atoms.
Frontier molecular orbital of TCNQ in gas-phase: b) HOMO and c) LUMO. Sim-
ulated STM images of the d) HOMO, e) LUMO.
As mentioned before, TCNQ is a good electron acceptor that can easily
take up to two electrons. One extra negative charge is delocalized in one of
the two dicyanomethylene groups and causes bond changes (bond B3 goes
from double bond to single bond character, as shown in figure 3.15) and an
partial aromatization of the central quinoid ring (which has some influence
on the flexibility of the molecule and thus on the adsorption geometry). A
second electron is hosted in the other dicyanomethylene group and completes
the aromatization process.
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Figure 3.15: Scheme of the chemical structure of TCNQ0, TCNQ−1 and
TCNQ−2. When the neutral TCNQ accepts one electron an extra negative charge
is delocalized in one of the two dicyanomethylene groups and causes bond changes,
where (B3) goes from double bond to single bond, and a partial aromatization of
the central quinoid ring. A second electon is hosted in the other dicyanomethylene
group and completes the aromatization process.
3.3.1 TCNQ on Ag(111)
Experimental. The images taken at 77.8 K were measured in a commercial
low temperature Omicron STM in collaboration with Koen Lauwaet from
IMDEA-Nanoscience. The molecules were sublimated at 350 K from a glass
crucible.
In this subsection we will discuss the adsorption of TCNQ on Ag(111).
Figure 3.16 shows STM images, acquired at two different temperatures: a)
77.8 K, and b) 300 K, after depositing a submonolayer amount of TCNQ on
the Ag(111) surface held at room temperature. As shown in figure 3.16a some
disordered clusters appear on the surface; an around these agglomerations,
1D, rather irregular chains are formed. A model for the self-assembly of these
chains is shown in figure 3.16c. As illustrated in figure 3.16d for a dimer of
molecules, it is based on the interaction between the negatively charged cyano
groups of one molecule and the positively charged hydrogens atoms in the
central ring of the next one, forming so-called weak hydrogen bonds. In this
case, however, the interaction with the substrate deviates the relative position
from the gas-phase minimum energy configuration. This is the main bonding
motif for self-assembled monolayers of TCNQ on the Au(111) surface [101],
where the interactions molecule-substrate is weak. A similar interaction has
also been reported on Cu(100) along one of the self-assembly directions [30].
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Figure 3.16: STM images after depositing a submonolayer amount of TCNQ on
Ag(111). a) This large STM image shows the molecules are assembled like chains
taken at 77.8 K. b) STM images of the inset of the chain phase taken at 300 K. c)
Model of the chains on the Ag(111) surface. d) Calculated minimum energy config-
uration for two parallel, coplanar, TCNQ molecules. A charge density isosurface,
color-coded according to the electrostatic potential (red color means negative charge
and blue means positive charge) is also drawn. a) 546 Å × 598 Å; -0.3 nA, -0.6
V. b) 85 Å × 139 Å; -0.45 nA, -1.5 V.
Increasing the coverage, the chains phase still appears on the surface but
coexisting with two closed-packed phases, shown in figure 3.17a. These two
molecular structures continue growing upon the completion of the TCNQ
monolayer. In Phase I (marked with a dark circles in figure 3.17a), the
molecules are well-ordered with a rhomboid unit cell (marked in black in fig-
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ure 3.17b) with sides b1 = 11.4(±0.8) Å, b2 = 7.2(±0.8) Å, and γ = 700. The
matrix describing the epitaxial relationship with the substrate can be written
as
(
b1
b2
)
=
(−1 2
3 4
)(
a1
a2
)
. Which gives b1 = 10.6 Å and b2 = 7.8 Å and
the angle between them is 65.20, in good agreement with the experimental
results. A model for this arrangement is shown in figure 3.17c (which is the
result of a DFT calculation). Note that this structure is different enough
from the self-assembly of a 2D free-standing layer of TCNQ molecules with
a similar geometry (figure 3.17d, notice that the relative position of the N
atoms). In both cases, the lateral arrangement of molecules along the b2
directions can be explained by the formation of the C≡N· · ·H-C hydrogen
bonds. For the free standing monolayer, due to the negative charge around
the nitrogen atoms, the molecules are rotated along the vertical direction
to minimize the repulsive N-N interaction and maximize the electrostatic
attractive interaction between one N atom and the C atom of the dicyano
group of the upper molecule. On the contrary, on the Ag(111) surface the
molecules rotate to maximize the N-Ag interaction, which is enough to com-
pensate for the greater N-N repulsion. The charge in every TCNQ molecule
is -0.52 e.
The growth of this phase on Ag(111) has already been reported [85] (and
a similar self-assembled has been observed on Cu(100) [30]). Actually, it has
been suggested that Ag substrate atoms may play a role to stabilize this
structure [85], although we did not find any experimental evidence for the
existence of these intermediate Ag atoms (according to the DFT results, the
maximum difference between the vertical positions of the last layer of the
silver atoms is 0.22 Å).
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Figure 3.17: STM images of TCNQ molecule on Ag(111) taken at room temper-
ature. a) Increasing the coverage, two closed-packed phases are coexisting: phase
I (marked by dark circles) and phase II. b) A close-up image into phase I. c)
Schematic model for phase I. d) A model of the free-standing monolayer and over-
laying the electrostatic potential projected onto a charge density isosurface of the
TCNQ in gas phases. a) 278 Å × 336 Å; -0.31 nA, -0.67 V. b) 32 Å × 55 Å; -0.31
nA, -0.67 V
The other phase, Phase II is shown in figure 3.18a. The unit cell contains
three molecules, one of them rotated by 900 with respect to the other two.
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Similar network has been reported for TCNQ on Cu(111) [105, 106]. Figure
3.18b shows a close-up STM image of this phase with an schematic model of
the molecular arrangement superimposed. The sides of the unit cell (marked
by the purple rectangle) measure b1 = 20.9(±0.7) Å, b2 = 12.6(±0.9) Å, and
γ = 850. For this assembly, the matrix describing the epitaxial relationship
with the substrate can be written as
(
b1
b2
)
=
(
8 2
2 5
)(
a1
a2
)
which gives
b1 = 21.2 Å, b2 = 12.8 Å, and γ = 830. A model for this arrangement is
shown in figure 3.18c. For this model, DFT calculations indicate that the
silver surface is strongly buckled, with a maximum difference in height of the
atoms in the last layer of up to 1.3 Å (figure 3.18e). For this configuration
we could not find a stable free-standing monolayer, so it seems that the
substrate silver atoms play a crucial role in stabilizing this structure. An
alternative model is shown in figure 3.18d and figure 3.18f. In here there is
one silver adatom per unit cell, with the result that the surface distortion
is much smaller. For this configuration there is a stable free-standing layer,
with lattice parameters b1 = 21.55 Å, b2 = 13.09 Å, and γ = 80.40 very
close to the experimental values. In the first model, the charge every TCNQ
molecules is -0.66 e, while in the second model it is -1.13 e. At the present
time, we can not decide which of the two models is the correct one.
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Figure 3.18: a,b) STM images, taken at room temperature, of TCNQ on
Ag(111), phase II. In (b) the molecular model was superimposed. c-e) Top and
side view of two possible models for the structure of phase II. The blue atoms in
(d) are silver adatoms. a) 185 Å × 224 Å; -0.13 nA, -0.57 V. b) 50 Å × 82 Å;
-0.13 nA, -0.57V.
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Figure 3.19: a) Large scale STM image, acquired at 77.8 K, showing two
monolayers of TCNQ on Ag(111) (number 1 and 2 denote the first and second
layer, respectively. b-c) Sequence of STM images taken at different bias voltages.
The inset in (b), taken at positive voltage, resembles the LUMO of the molecule.
A TCNQ molecule is superimposed in each inset. d) Model for the free-standing
monolayer of TCNQ molecules. a) 1083 Å × 407 Å; -15 pA, -1 V. b) 218 Å ×
210 Å; 10 pA, 1.1 V. c) 218 Å × 210 Å; 10 pA, 0.4 V.
Both phases still coexist until completion of the monolayer, as it can
be observed in figure 3.19a, taken at 77.8 K, that shows a bilayer of TCNQ
molecules on the silver surface. The second layer (number 2 in the figure) also
forms well-ordered islands, but it exhibits a different arrangement than the
first monolayer (denoted by number 1). The molecular self-assembly in the
second layer can be obtained from the analysis of high resolution STM images.
Figure 3.19c shows the unit cell, with sides b1 = 9.6(±0.7) Å, b2 = 9.1(±0.9)
Å, and γ = 1000. A very similar arrangement has been reported for TCNQ
on Au(111) [101] and on graphene/Ir(111) [103], substrates where also the
interaction molecule-substrate is very weak. A 2D model for this network
with the optimized geometry obtained from a DFT calculation is shown in
figure 3.19d, where the lattice parameter are b1 = b2 = 8.9 Å and γ = 840. In
this network the self-assembled structure is stabilized also via C≡N· · ·H-C
hydrogen bonds. Note that the relative position between two molecules differs
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somewhat from the optimized structure for a single dimer (figure 3.16d), but
in this case the symmetric arrangement allows for a more compact assembly.
Topographic STM images taken at different bias voltages, allow to ob-
tain intramolecular resolution and identify the frontier molecular orbitals, as
shown figure 3.19b and figure 3.19c (in both insets a TCNQ molecule was
superimposed to show the molecular orientation). For positive voltages, cor-
responding to the unoccupied molecular orbitals, the STM images (figure
3.19b) resembles the calculated LUMO for an isolated TCNQ molecule (fig-
ure 3.14e) with a clear node at the center of the molecule. It can be observed
also the overlap between neighboring molecules, which can be explained as
the formation of a spatially extended intermolecular orbital.
3.3.2 XPS results and DFT calculations of TCNQ
on Ag(111)
As in the previous cases, we will use XPS measurements to investigate the
charge state of the TCNQ molecule (figure 3.20). Table 3.1 shows measured
binding energies reported in the literature for the N1s core level on different
substrate. For bulk (neutral) TCNQ, the nitrogen 1s core level exhibits a
single peak at 399.6 eV [30, 107] and for TCNQ on gr/Ir(111), where the
interaction molecule-substrate is weak, the binding energy is 399.3 eV [108].
In our experiments, the main peak of nitrogen appears at a 398.28 eV, almost
the same that in the case of TCNE, (as mentioned before, in the XPS spectra
of the clean Ag surface taken in the N1s region the two peaks appearing at
∼ 398.5 and 393.0 eV are due to bulk plasmon losses) [93]). This value
is similar to the value reported for TCNQ salts [109–111] and TCNQ on
gr/Ru(0001) [108], where TCNQ is negatively charged, which is an indication
of a negative charge transfer from the substrate to the molecule.
The XPS spectrrum taken in the C1s-region is shown in figure 3.20b. In
this case the spectrum can be deconvoluted into two peaks at 285.86 eV and
284.65 eV. This values are similar to the ones reported for neutral TCNQ
powder, where C1s peaks appear at 285.2 eV (quinoid ring) and 286.5 eV
(cyano ring) [30, 107, 110, 112, 113]. Actually a peak around 284.65 eV
is characteristic feature of molecules containing benzene rings [114, 115].
In order to identify these two peaks, a Mulliken population analysis of the
electron density, obtained from DFT calculations (see below) of a TCNQ
molecule adsorbed on the silver surface was performed. Two groups of C
atoms with similar charges can be identified in this way. The four carbon
atoms in the cyano groups with two carbon atoms which connect the cyano
group with the main body of the molecule hold a positive charge of 0.15 e,
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Table 3.1: N1s binding energy for TCNQ
sample N 1s (eV )
TCNQ(bulk) [30, 107] 399.6
TCNQ on gr/Ir(111) [108] 399.3
TCNQ multilayer on Au(111) [85] 399.1
TCNQ on Au(111) [85] 398.7
TCNQ on Cu(100) [30] 398.7
LiTCNQ [111] 398.6
CuTCNQ [111] 398.6
Cu(TCNQ)2 [111] 398.6
k+(TCNQ)− [109] 398.6
TCNQ on gr/Ru(0001) [108] 398.3
TCNQ on Ag(111) [85] 398.2
TCNQ on Ag(111) [this work] 398.3
TCNE on Ag(111) [this work] 398.2
while the remaining 6 carbon atoms have a similar negative charge, -0.26
e. Since a positive charge on an atom increases the binding energy, the C1s
core levels of the C atoms in the cyano groups correspond to the higher
binding energy component. The experimental area ratio between the two
components, 1:1, is qualitatively consistent with the Mulliken analysis.This
is another evidence that supports the existence of electron transfer from the
substrate to the TCNQ molecules. Similar situations have been reported for
TCNQ molecule on Cu(100) [30, 95, 102] and Ag(111) [85].
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Figure 3.20: XPS spectra of 1 ML of TCNQ on Ag(111): a) nitrogen 1s core
level; and b) carbon 1s core level . c) The C1s XPS spectrum showing the decon-
volution into two components.
Another evidence of this charge transfer is the increase of the work-
function, that changes from 4.74 eV for the clean Ag(111) surface to 5.36
eV after depositing one monolayer of TCNQ. These two results (core levels
shifts and work-function increase) strongly suggest the existence of charge
transfer from the silver substrate to the TCNQ molecules.
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Figure 3.21: Results of DFT calculations showing the optimized conformation
of an isolated TCNQ molecule on the Ag(111) surface: a) top view, b) side view.
As mentioned before, we have performed DFT calculations of a TCNQ
molecule on the Ag(111) surface. Of all the tested possibilities, the minimum
energy configuration is shown in figure 3.21. The TCNQ molecule is slightly
bent, with the N atoms closer to the silver surface than the central C atoms.
This situation is very similar to that observed when TCNE is adsorbed on
Cu(100) [59] or TCNQ on Cu(100) [30]. In there, the acceptor molecules
strongly modify the copper surface, in such a way that the highest copper
atoms act as bridges between the TCNE or TCNQ molecules. In our case
the calculations indicate that the molecule gets ∼ 0.99 e from the silver
substrate, which is in agreement with the experimental results.
3.4 Description of the TTF molecule
Tetrathiafulvalene (TTF) is a well-known donor molecule [116, 117]. It was
discovered almost at the same time by Wudl in 1970 [118], by Hüning [119]
and by Coffen in 1971 [120]. Studies about this donor and its derivatives
have been reported in thousands of papers; it is probably the most famous
electron donor molecule [121]. Also, the adsorption and assembly on noble-
metal surfaces has been investigated on different substrates like gold (111)
[122–124], copper (100) [125], silver and copper (111) [126], gold and silver
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(110) [127–129].
This molecule TTF (C6S4H4) is a non-aromatic pi donor with a ionization
potential of 6.83 eV [45, 46] and with a electron affinity of 0.17 eV [47]. TTF
is formed by two dithiolylidene rings connected by carbon atoms, as shown
in figure 3.22b. The redox transformation is shown in figure 3.22a: these
two species are thermodynamically stable and the TTF can be oxidized to
the cation radical TTF+1 and dication TTF+2, a reversibly process within
a very accessible potential window. This potential can be tuned by the
attachment of electron-donating and electron-withdrawing substituents and
for that reason some derivatives of this molecule is tried to functionalizing
the TTF core. Figure 3.22c and figure 3.22d also show the frontier molecular
orbitals, HOMO and LUMO, respectively.
Figure 3.22: a) Scheme of the redox transformation of TTF. b) Chemical struc-
ture of TTF (yellow spheres are sulfur atoms, light blue spheres are carbon atoms
and white spheres are hydrogen atoms). Frontier molecular orbitals of TTF: c)
HOMO, and d) LUMO.
3.4.1 TTF on Ag(111)
In this section we will report a series of experiments aimed to study the ad-
sorption of TTF on the Ag(111) surface at different coverages. The molecules
were deposited from a glass crucible at room temperature on a silver substrate
also held at room temperature. At this temperature the TTF molecules are
very mobile on the silver surfaces, so the STM images shown in this section
were measured at 150 K, but even at this temperature the molecules are free
to move on the surface. Figure 3.23 shows representative STM images taken
after depositing different amounts of TTF. From the early stages, the step
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edges are fully covered, as shown in figure 3.23a. Figure 3.23a shows a STM
image after depositing low coverage and the terrace of the silver surface looks
clean. After increasing the amount of TTF, as shown in figure 3.23b, the step
edges continue fully covered, but the only proof of a higher coverage is the
noise in the STM images created by the mobility of the molecules. Only
a few images could be acquired showing individual, still molecules (figure
3.23c). The molecules found in isolated form show a ring-like appearance. A
similar shape has been observed when adsorbed on Au(111), where a repul-
sive interaction between the molecules at low coverages has been reported
[122, 123].
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Figure 3.23: a-b) STM images of TTF on Ag(111) taken at 170 K with differ-
ent coverages. At low coverages, the molecules nucleate at the step edges. When
increasing the coverage, the only evidence of the presence of the molecules is the
noise in the STM images. c) STM image of isolated TTF molecules absorbed on
the Ag(111) surface. a) 489 Å × 614 Å; -0.32 nA, -1.5 V. b) 293 Å × 368 Å;
-0.45 nA, -0.8 V. c) 487 Å × 384 Å; -0.4 nA, -4.2 V
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After annealing the sample at 350 K during 10 minutes, the STM images
acquired at 170 K, reveal the presence of well-ordered island, as shown in
figure 3.24, while the adsorption of the TTF at room temperature have not
been observed island. The borders of the islands are not very regular, but
all the islands are attached to the step edges (fully covered), which seems to
indicate that the nucleation of the islands starts at the step edges and not
on the terraces. Inside the islands there are some bright lines can be seen (as
shown in the inset figure 3.24a), which are actually domain grain boundaries.
Figure 3.24b and 3.24c illustrate in more detail the self-assembly inside
the island. The long axis of the molecule is oriented along the high symmetry
directions of the silver surface, so it could be possible other orientation of
the molecules along to the other two high symmetry axis but in our experi-
ments it can not be observed (some TTF molecular models are superimposed
on the STM image to clarify the dimensions). The black square in figure
3.24c shows a (centered) unit cell; it has a rectangular symmetry, with sides
b1 = 10.4(±0.9) Å and b2 = 10.7(±0.7) Å, and γ = 900. A model of this
arrangement is shown in figure 3.24d. The matrix describing the epitaxial
relationship with the substrate can be written as
(
b1
b2
)
=
(
4 2
0 4
)(
a1
a2
)
. A
model of this arrangement is shown in figure 3.24d.
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Figure 3.24: a-c) STM images of TTF on Ag(111), taken at 130 K, after
annealing at 350 K. a) Large island have been observed, inside this island bright
lines appears along the island, it could be some defects. b) The blue square marked
the zoom of the island used for the next image. The black square in (c) indicate a
centered unit cell of the 2D assembly, with a molecular model superimposed. d-e)
side and top view of DFT calculations taken into account the silver substrate. a)
978 Å × 1227 Å; -0.56 nA, -1.7 V. inset a) 489 Å × 614 Å. b) 147 Å × 184 Å;
-0.380 nA, -0.32 V. c) 49 Å × 61 Å; -0.380 nA, -0.32 V.
DFT calculations for this structure indicate that the molecules are not
flat on the surface. A side view of the optimized conformation (figure 3.24d)
shows that the molecular plane forms an angle of 30.50 with respect to the
surface, due to the fact that commensurablility with the substrate puts the
molecules too close together. DFT calculations for a free standing monolayer
(figure 3.24e) show that for the molecules to be completely planar the lattice
parameters should be b1 = 11.44 Å (which is ∼ 1 Å larger than the experi-
mental value) and b2 = 10.59 Å. The estimated charge transfer in this case
is 0.10 e per molecule. A similar tilted arrangement has been proposed for
TTF on Cu(100) and seems to be related to the relatively strong intermolec-
ular van der Waals interaction between relative to the molecule-substrate
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interaction [125].
Figure 3.25 shows STM images, taken at 130 K, after annealing the TTF
islands (two different coverages) at 400 K during 10 minutes. The well-
ordered islands disappear, and new islands with line shape appear on the
surface. The directions of these lines coincide with the high symmetry di-
rections of the silver surface. These molecular chains are easily manipulated
with the STM tip, indicating that they are only weakly bound to the sub-
strate. We will show later that these chains are not composed of just intact,
TTF molecules and these chains could be a kind of polymer maybe with some
silver adatoms, like other examples reported in the literature [80, 82, 83]. Af-
ter annealing at higher temperature (500 K), the molecules are completely
desorbed from the substrate.
???? ??
Figure 3.25: STM images, taken at 130 K, of two different coverages of TTF on
Ag(111) after annealing at 400 K. These molecular chains can be easily manipulated
on the surface with the STM tip. a) 489 AA × 614 Å; -0.24 nA, -2.66 V. b) 489
Å × 614 Å; 0.44 nA, 0.31 V. c) 98 Å × 123 Å; -0.16 nA, -1.8 V.
3.4.2 XPS results and DFT calculations of TTF
on Ag(111)
In this section, we will try to elucidate the behavior of the TTF molecule
on the silver surface and the changes observed in the STM images upon
annealing. The XPS measurements reported in this section (figure 3.27)
were carried out with the sample at 80 K trying to avoid radiation damage
during the experiment.
First to all, since the STM results show that after room temperature
deposition the molecules remain isolated, DFT calculations were carried out
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to find the optimum conformation of a TTF molecule on the Ag(111) surface.
As shown in figure 3.26a the TTF molecule is adsorbed almost flat on the
surface, with a slight tilt of 8.50 of the molecular plane with respect to the
silver surface. The tilt is due to the fact that the adsorption geometry is not
symmetrical, with two of the S atoms close to on-top position, which leaves
the other two S atoms close to hollow sites (a similar adsorption geometry has
been reported for TTF on Au(111) [36]). The calculations for this structure
also indicate that the molecule is slightly positively charged, donating 0.13 e
to the silver substrate. For TTF on Au(111) the molecular charge is larger,
around 0.6 e [36], which is probably related to the larger work-function of
the gold.
Figure 3.26: Theoretical calculations of the possible islands of TTF molecules
where b1, b2 are the vectors of the cell. a,d) Results of DFT calculations showing the
optimized conformation of an isolated TTF molecule on the Ag(111) top and side
view, respectively. b) Results of DFT calculations showing the optimized structure
of a free standing monolayer of TTF molecules, in this case the cell is marked by
this blue square. c-e) Top and side view of DFT calculations when the Ag(111)
substrate is taken into account. The corresponding cell is demarcated by this black
square.
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Figure 3.27: a,b) C1s and S2p XPS spectra of TTF on Ag(111) after toom
temperature deposition and after annealing to 350 K and 400 K. with the deconvo-
lution peaks. c,d) An example of deconvolution of the C1s and S2p spectra. All the
measurements were performed at 80 K.
Figure 3.27b shows the sulfur 2p spectrum (this peak is split into 2p1/2
and 2p3/2 components due to the spin-orbit coupling). In agreement with
the DFT results that show that isolated molecules are almost planar on the
silver substrate, after room temperature deposition, and the four S atoms
hold a very similar charge (-0.15 e). Only one doublet sulfur peak (the 2p3/2
component appears at 164.47 eV) is measured, since the four S atoms in this
configuration are almost equivalent (the small peak close to 161.8 eV could
be due to the presence of some molecules adsorbed slightly tilted). On the
other hand, when the system is annealed to 350 K, the STM images show
ordered island where the molecule are significantly tilted (according to the
DFT calculations), and two doublet sulfur peaks with the same intensity
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should be expected, which is actually the case, the 2 main peaks appearing
at 163.80 eV and 161.80 eV. The higher binding energy value is similar to
the value measured in systems with a direct sulfur-gold and sulfur-silver in-
teractions, as found for thiol-based on gold, silver films [130] and on Au(111)
[131] and thiophene molecules on Au(111) [132], and should then correspond
to the sulfur atoms closer to the surface (a similar value has been reported
for TTF molecules on graphene [133]). Figure 3.27d shows an example of the
deconvolution peaks with the peak corresponding to the sulfur atoms close
to the surface appearing at lower binding energy.
After annealing the sample at 400 K, the intensity of the peak is strongly
reduced, and one of the two sulfur peaks disappears, while the other appears
at a also different binding energy. This seems to indicate decomposition
and/or desorption of the TTF molecule.
With respect to the C peak, the maximum of the C1s core level (figure
3.27a) can be located at 285.57 eV, 284.84 eV and 284.47 eV for samples
grown at room temperature, and after annealing at 350 K and 400 K, re-
spectively; that is, the peak shifts to lower binding energy when increasing
the temperature. The shift between RT and 350 K could be due to the tilt
of the molecule, that decreases the screening effect from the metal substrate.
After annealing to 400 K (when the molecular chains appear), the inten-
sity decreases dramatically, probably because the molecule desorb and/or
decompose from the surface).
Let’s consider the room temperature spectrum. This peak can be decon-
voluted into two peaks, 285.28 and 285.97 eV, as shown in figure 3.27c. A
Muliken population analysis of the electronic densities, obtained from DFT
calculations, on every carbon atom, leads to two different groups. The four
carbon atoms close to the hydrogen terminations have -0,004 e. The other
two carbon atoms located on the molecular center and connected by double
bound exhibit a positive charge, 0,126 e. Since a negative charge on an atom
decreases the binding energy, the carbon close to the hydrogen terminations,
should appear on the low binding energy of the spectra. The experimental
area ratio between these two components, 4:2, is qualitatively consistent with
this interpretation.
We have also estimated the relationship between the areas of the carbon
and sulfur peaks. Since the molecule consists of 6 carbon atoms and 4 sulfur
atoms, the theoretical ratio C:S ratio is 1.5. Taking into account the area of
the elements and the sensitivity factor of each elements [134, 135], the exper-
imental ratio between the areas should be 1.3(±0.1), which is actually the
case at all the temperatures, even after annealing at 400 K. Thus, although
the XPS and STM images indicate significative changes and probably partial
desorption, on the surface the relative amount of S and C atoms still remains
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the same.
We also measured the work-function of the TTF/Ag(111) system in the
different cases. The results are given in the table 3.2. In the case of room tem-
perature deposition, the work-function decreases below to the work-function
of the clean silver surface, which can be related to a combination of the
so-called ”Pillow effect” [136] and the dipole induced by the (small) charge
transfer from the molecule to the substrate. A similar decrease has been
observed for TTF on Au(111) [36]. However, when the system was annealed
the molecules are not isolated and they self-assemble in ordered islands with
the molecules tilted with respect to the surface. It can be expected that the
work-function changes. If the work-function increases as a result of the fact
that the number of molecules per unit area increases too and also the sulfur
peak shifts to lower binding energy, 163.5 eV. So, The electronic dipole in-
duce by this tilting could be the responsible for the observed increase in the
work-function.
Table 3.2: Worfunction of TTF on Ag(111)
s Worfunction (eV)
Ag(111) 4.74
Low Θ at RT 4.54
High Θ at RT 4.5
350 K 5.1
3.5 Conclusions
In this chapter, we have reported the different assemblies of different charge
acceptor (TCNE, TCNQ) and an charge donor (TTF) molecule on metallic
substrates.
In the case of the TCNE, we have observed the important role played
by the substrate-molecule interaction. When the molecule was deposited
on Au(111) directly with the substrate held at room temperature, well or-
dered islands were found. However, after annealing to room temperature,
the molecules desorb from the surface.
For the silver substrate, upon deposition of TCNE on Ag(111) at 160
and 300 K two different Ag-TCNE coordination networks, with different sto-
chiometries are formed. Contrary to previous reports, the silver adatoms
come from the molecule induced step etching of the silver step edges. It
is worthy to note that if deposition were done at room temperature, the
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molecule induced step etching would be hard to guess, since at this temper-
ature the steps practically recover the equilibrium room temperature phase.
Also, XPS measurements and DFT calculations show that there is a signifi-
cant charge transfer from the substrate to the molecule (∼ 1 e), in agreement
with the acceptor character for TCNE.
The growth of TCNQ on Ag(111) shows the existence of three differ-
ent self-assembling process at the same time, and the participation of silver
adatoms can not be definitely excluded. Again, the interaction between
molecule and surface is very strong (unlike on Au(111)) with an apprecia-
ble charge transfer from the substrate to the molecule (∼ 1 eV). On the
other hand, in the case of a bilayer of TCNQ on Ag(111), the second layer
is strongly decoupled from the substrate, and the molecular self-assembly is
very similar to the case of TCNQ on Au(111). Due to this weak interaction,
the molecule keeps practically neutral and the electronic properties of TCNQ
layer almost unaltered.
Finally, the donor TTF molecules adsorbs in two possible configurations
on the Ag(111) surface. After room temperature deposition the molecule is
adsorbed almost planar on the surface, although their mobility is still very
high. After annealing to 350 K, the molecules formed well-ordered islands in
which the TTF is slightly tilted with respect to the surface. After annealing
to 400 K, the molecules formed new islands with line shape, although these
chains may not be composed of just intact TTF molecules as it can be cor-
roborate with XPS measurements where the intensity of the peak decreases
dramatically. In this case, and in agreement with its donor character the
TTF molecules are slightly positively charge (∼ 0.1 e).
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4
Charge transfer complexes on
Ag(111)
In this chapter we will discuss the adsorption and the assembly of com-
bined donor-acceptor molecules on Ag(111). Two different systems will be
described: TCNE-TTF and TCNQ-TTF.
4.1 Introduction
In the last years there has been great interest in the study of organic charge-
transfer (CT) complexes [137, 138]. These complexes are molecular com-
pounds mixing two species with different electron affinities: an electron donor
(D, small ionization potential) and an electron acceptor (A, large electron
affinity). In these compounds a partial charge is transferred from the HOMO
of the donor to the LUMO of the acceptor molecule. Charge transfer pro-
cesses between D-A complexes and metallic electrodes are at the heart of
novel organic optoelectronic devices with interesting electrical and optical
properties such as solar cells, OLEDs, to name a few [24–27, 139].
The first organic compound exhibiting metallic electrical conductivity
[100], TTF-TCNQ, was discovered in 1973 [140]. It was formed from the
electron donor tetrathiafulvalene (TTF) and the electron acceptor tetra-
cyanoquinodimethane (TCNQ) [141, 142]. This salt crystallizes in a one-
dimensionally stacked polymer, consisting of segregated stacks of cations
and anions of the donors and the acceptors. The organic crystal forms by
anisotropic non-covalent interactions between TTF and TCNQ. The TTF-
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TCNQ crystal is monoclinic with lattice constants: a = 1.23 nm, b = 0.38
nm, c = 1.85 nm and build-up from similar stacks of the donor and acceptor
molecule parallel to the short b axis. In this b directions the “ring double
bond” overlap of molecular planes is characteristic of both molecule stack-
ing, as shown in figure 4.1. The a direction corresponds to alternate rows
of between donor and acceptor molecules. The charge transfer from TTF to
TCNQ, 0.6 e, leads to a large metallic conductivity along the rows, and to
a large resistive anisotropy [116]. The metallic behavior of the compound is
due to: i the formation of bands through the pi-overlapping of the molecu-
lar components, and ii the partial occupation of these bands at the Fermi
level. The molecular packing maximizes the overlapping integral and, con-
sequently, the amount of charge that can be delocalized along the stacks.
The free carriers are generated in both pi-stacked rows due to charge transfer
between TTF and TCNQ (from the HOMO of the donor to the LUMO of
the acceptor). This transferred charge is delocalised along the b direction of
the crystal resulting in a quasi one-dimensional electron dispersion as it has
been both described by theoretical DFT calculations [142, 143] and observed
experimentally [144]. The discovery of this charge transfer complex opened
up the field of molecular organic conductors.
Figure 4.1: Crystal structure of the TCNQ-TTF complex showing the a,b,c
directions. (left side) view along onto the ac directions, (right side) view along the
bc directions.
TTF cations and TCNQ anions, stabilized by H-bonds [145]. This mix-
ture is an organic conductor, but it is not a superconductor. The first or-
ganic molecule that is a superconductor, Tetramethyl-tetraselenafulvalene-
phosphorus hexafluoride (TMTSF2PF6), was discovered in 1980 [146]. Charge
transfer salts with superconducting capabilities were not achieved for several
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years after the synthesis of TTF-TCNQ.
Although the growth of thin films of TTF-TCNQ on different substrates,
like graphene [147] and Au(111) [122, 148] (see figure 4.1) has been reported,
also DFT calculations [149], in contrast with the existing exhaustive study
of the bulk properties of charge transfer solids [143, 150, 151], very little is
known about the thin-film behavior. The transition from bulk D-A complexes
to ultra-thin films of monolayer thickness deposited on metals introduces a
new phenomenology related to the organic-inorganic interface. Effects like
hybridization, CT with the surface and molecular level alignment become
factors that may govern the electronic transport. Hence, the adsorption of
an ultra-thin D-A on a metal opens a new field of research for the potential
application of CT complexes as devices int he nanoscale. So, in this field it
is very important to understand the organic-inorganic interface, the donor-
acceptor layer effect on the metal surface. One of the few studies about
the interface of TTF-TCNQ mixture has found that the interface retains its
metallic character due to the charge transfer between the two molecules [152].
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Figure 4.2: a) Top and side view of the proposed model of TCNQ-TTF adsorbed
on graphene (image taken from Ref [147]). b) STM image of the TCNQ-TTF
complex on Au(111), (the stoichiometry ratio is 1:1); (image taken from the [122]).
The metal/organic interfaces are a subject of increasing interest in the
condensed matter community. Besides TCNQ-TTF, a large number of differ-
ent charge transfer complexes have been reported, for example, TCNE-TTF
[153–155], PCBM-exTTF [156], TTF-TNAP [157], (BEDT-TTF)-(SF5CH2CF2SO3)
[158] and TMTSF-TCNQ [159], among others mixtures with porphyrin or
phthalocyanines [160–165].
78 Charge transfer complexes on Ag(111)
4.2 TCNQ-TTF on Ag(111)
In the first part of this chapter, we have studied the mixed adsorption of
TCNQ-TTF on Ag(111). When TCNQ and TTF are deposited at room tem-
perature on Ag(111) they form spontaneously different mixed phases (figure
4.3). Naturally, the molecular arrangement inside these phases depends on
the stoichiometry ratio of the donor and acceptor molecules (but not on the
order of deposition). An excess of enough TTF leads to the formation of
a mixed phase with stoichiometry 1(TCNQ):2(TTF); increasing the TCNQ
concentration leads to the formation of the mixed phases: 1(TCNQ):1(TTF),
2(TCNQ):1(TTF) and 4(TCNQ):1(TTF). In the next section, we will study
in more detail these structures: the arrangement of the molecules inside the
islands and their electronics structure.
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Figure 4.3: STM images of the different phases of mixed TCNQ-TTF on
Ag(111) with the following stoichiometry relation: a) 1:2. b) 1:1. c) 2:1. d)
4:1. a) 68 Å × 86 Å; -0.18 nA, -0.71 V. b) 129 Å × 154 Å; -0.29 nA, -0.67 V. c)
147 Å × 184 Å; -0.34 nA, -0.14 V. d) 98 Å × 123 Å; -0.35 nA, -0.76 V.
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4.2.1 TCNQ 1:2 TTF
Figure 4.4: Large STM images of a self-assemble domain of the mixed of TCNE
1:2 TTF on Ag(111) taken at 120 K. c) The self-assembly model of the mixed island
above the STM image, the black square indicate the corresponding unit cell. d) DFT
calculations taking into account the silver substrate. e) Induced charge density. Blue
and red mean a defect and an excess of electrons, respectively. The adsorption only
significantly affects the outermost layers of the substrate. a) 488 Å × 613 Å; -0.2
nA, -0.74 V. b) 147 Å × 184 Å; -0.18 nA, -0.71 V. c) 34 Å × 45 Å; -0.18 nA,
-0.71 V.
Figure 4.4a and figure 4.4b show representative STM images (recorded at
120 K) after depositing TCNQ and TTF on Ag(111) at room temperature.
Ordered islands that extended over hundreds of angstroms onto the substrate
form spontaneously on the surface. As shown in figure 4.4b, we can easily
identify two different rows. The structure seems to be composed of alternate
parallel rows of the two molecules, where one row (bright) is composed of
TTF molecules and the other (dark) of TCNQ molecules. In the TTF row
the molecules alternate between two different orientations. A closer look at
the STM images (figure 4.4c) reveals the internal structure of the island.
The unit cell of this structure contains one TCNQ molecule and two TTF
molecules, as shown in figure 4.4c; the sides of this cell are b1 = 13.9(±0.6)
Å, b2 = 14.0(±0.8) Å, and γ = 900. The proposed model (actually, the final
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result of a DFT calculations, see below) is shown in figure 4.4d. The matrix
describing the epitaxial relationship with the substrate can be written as(
b1
b2
)
=
(
0 5
6 3
)(
a1
a2
)
.
The lattice parameters for this model measure b1 = 14.67 Å, and b2 =
15.25 Å, in good agreement with the experimental values. The observed
arrangement can be explained by the formation of S· · ·H-C hydrogen bonds
between TTF molecules, while TTF and TCNQ are connected by C≡N· · ·H-
C and S· · ·H-C hydrogen bonds.
As mentioned in chapter 2, the theoretical calculations for the mixed
TCNQ-TTF phases presented in this chapter were made by the group of
Fernando Martín from the Universidad Autónoma de Madrid. In order to
estimate atomic charges, topological analyses of the electron density were
carried out based on Bader’s atoms-in-molecules (AIM) theory by using the
Bader analysis program [166–168]. However, for a better comparison with the
results in the previous chapter, we have also performed a Mulliken population
analysis. In general, both results are very similar, and follow almost exactly
the same trend when comparing different phases.
Table 4.1 shows the results of both methods (the Bader results in paren-
thesis) for the partial charges of the three molecules in the unit cell, the two
TTF molecules (edge and central denote the position in the unit cell marked
in figure 4.4c), and the TCNQ molecule. Both TTF hold a small positive
charge (around 0.24 e), confirming their donor character. On the other hand,
the acceptor TCNQmolecule takes -1.10 e from its environment (that is, -0.24
e from each TTF molecule and -0.62 e from the silver substrate). However,
calculated charge density difference isosurfaces (blue and red mean a defect
and an excess of electrons, respectively) show that the charge transfer from
TTF to TCNQ takes place through the substrate, and not directly between
the molecules as shown in figure 4.4e; that is, TTF donates charge to TCNQ
via the Ag surface.
We can compare these results with the partial charges of the molecules
in a free-standing layer of TTF-TCNQ with exactly the same geometry but
without the silver substrate. In this case, TCNQ holds a negative charge
of -0.83 e, with each TTF molecule donating 0.42 e. Thus, the presence of
the silver substrate increases slightly the acceptor character of TCNQ and
decreases “the donating effort” of TTF, since TCNQ can take the electrons
more easily from the silver substrate. This can be easily explained because
the difference between the electron affinity of TCNQ (2.81 eV), and the work-
function of Ag(111) (4.74 eV) is smaller than the difference between the
electron affinity of TCNQ and the ionization potential of TTF (6.83 eV).
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Table 4.1: Partial charge of the different molecules on the Ag(111) in the mixed
phase TCNQ-TTF, 1:2 stoichiometry (where ∆q < 0 corresponds of a gain of
electrons and ∆q > 0 indicates a loss of electrons). Both Mulliken and Bader (in
parenthesis) results are given. Results are also given for a free-standing layer with
exactly the same geometry but wihouth the silver substrate.
Q(gas phase) (e-) Q(Ag(111)) (e-)
Ag +0.62 (+1.06)
TTF (Edge) +0.42 (+0.36) +0.24 (+0.14)
TTF (Central) +0.43 (+0.45) +0.23 (+0.24)
TCNQ -0.83 (-0.81) -1.10 (-1.44)
We have also estimated the adsorption energy per molecule as the differ-
ence between the total energy of the system and the sum of the total energies
of the free relaxed molecules and the surface as
Ead = E(TCNQ+TTF/Ag) − [EAg + (ETCNQ + ETTF ] (4.1)
For this phase with 1 TCNQ and 2 TTF the adsorption energy is Ead =
−2.49eV/molec.
4.2.2 TCNQ 1:1 TTF
Figure 4.5a shows a STM image, acquired at 120 K, of a new mixed TCNQ-
TTF phase obtained by depositing additional TCNQ molecules with the sub-
strate held at room temperature during the deposition. Again, the molecules
form well-ordered islands. Figure 4.5b and figure 4.5c show close-up STM
images of this phase, which seems to be composed of parallel rows of TTF
(bright) and TCNQ (dark) molecules. In this case, the unit cell contains one
TCNQ and one TTF molecule, as shown in figure 4.5c. There are two types
of TTF rows, in which the orientation of the TTF molecules differs by ∼ 350.
In the following we will consider only the unit cell shown in figure 4.5c. The
sides of this cell are b1 = 7.5(±0.8) Å, b2 = 19.2(±0.9) Å, and γ = 1000. A
model for this structure is proposed in figure 4.5d. In this model the TCNQ
molecules interact with the TTF molecules through the formation of S· · ·H-C
hydrogen bonds, and one another by the formation of C≡N· · ·H-C hydrogen
bonds. For this arrangement, the matrix describing the epitaxial relationship
with the substrate can be written as
(
b1
b2
)
=
(
2 −1
4 8
)(
a1
a2
)
. Theoretical
calculations was carried out and similar value was obtained. The values of
the molecular charges obtained from the DFT calculations are shown in Ta-
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ble 4.2. In this case TTF holds a positive charge of +0.42 e, while TCNQ
is negatively charge with -1.02 e (that is, 0.6 e of every TCNQ molecule
are coming from the silver substrate). Figure 4.5e shows a plot of a charge
density difference isosurface. Also in this case the results of the theoretical
calculations indicate that charge transfer takes place through the substrate
and not directly between molecules. The adsorption energy for this arrange-
ment is -2.27 eV/molec. The formation of a 1:1 TCNQ-TTF phase has been
already reported on Au(111) [122, 148, 169] with the same arrangement and
similar unit cell. In this case the TCNQ gains charge directly (one electron)
from the TTF, due to the interaction with the surface is mainly dominated
by the TTF molecule and the interaction between TCNQ and the substrate
is weak.
Figure 4.5: Topogpahic STM images of a self-assemble domain of the mixed of
TCNQ 1:1 TTF on Ag(111) deposited at RT and acquired at 120K. c) The self-
assembly model of the mixed island above the STM image, the black square indicate
the corresponding unit cell. d) DFT calculations taking into account the silver
substrate. e) Induced charge density. Blue and red mean a defect and an excess of
electrons, respectively. a) 681 Å × 662 Å; -0.2 nA, -0.71 V. b) 147 Å × 184 Å;
-0.29 nA, -0.67 V. c) 43 Å × 51 Å; -0.29 nA, -0.67 V.
For comparison, the partial charges for a free-standing layer of TCNQ
1:1 TTF with the same geometry has also been calculated. In this case the
charge transfer from TTF to TCNQ is ∼ 0.6 e. Again, the presence of the
silver substrate increases the acceptor character of TCNQ, which now takes
∼ 0.42 e from TTF and 0.6 e- from the silver substrate.
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Table 4.2: Partial charge of the TCNQ and TTF on the Ag(111) in the mixed
phase TCNQ-TTF, 1:1 stoichiometry. Again both mulliken and Bader (in parenthe-
sis) results are given. Also for a free-standing layer with the exactly same geometry.
Q(gas phase) (e-) Q(Ag(111)) (e-)
Ag +0.6 (+1.12)
TTF +0.67 +.42 (+0.3)
TCNQ -0.67 -1.02 (-1.42)
It is worthy to note that the charge transfer calculated for the free-
standing layer coincides with the charge transfer in the bulk compound, even
though the geometry is rather different. As mentioned before, in bulk the
molecules from separate rows stabilized by pi-pi interactions, and the TCNQ
molecules in one row are rotated 58.50 with respect to the TTF molecules
in the neighboring rows [170]. In here, the molecules are almost planar on
the silver surface. This seems to be in agreement with the results of Beltrán
et al. [149], that indicate that the amount of charge transfer, related to the
different εHOMO(TTF )− εLUMO(TCNQ), should not depend very much
of the details of the TTF/TCNQ interface geometry, as long as it is metallic.
4.2.3 TCNQ 2:1 TTF
After increasing the TCNQ concentration, a new phase of the TCNQ-TTF
mixture was obtained, as shown in figure 4.6. Again, the molecular domains
extend over hundreds of angstroms on the silver surface. Some defects in the
domains can be observed in the image as large hollows. Figure 4.6b and figure
4.6c show close-up images of this mixed phase. The bright protrusions are the
TTF molecules, and each molecule is surrounded by six TCNQ molecules. In
this case the acceptor TCNQ forms zig-zag rows that interact by C≡N· · ·H-C
hydrogen bonds with one another and through S · · ·H-C bonds with the TTF
molecules. The sides of the unit cell are b1 = 13.6(±0.6) Å, b2 = 17.2(±0.7)
Å, and γ = 800. Figure 4.6d shows a model for this mixed phase, where
the unit cell contains two TCNQ molecules and one TTF molecule. For this
assembly, the matrix describing the epitaxial relationship with the substrate
can be written as
(
b1
b2
)
=
(
4 −1
7 6
)(
a1
a2
)
. Again the theoretical calculations
was carried out with the experimental unit cell by relaxed structure of a
TTF-TCNQ layer which results in b1 = 13.45 Å and b2 = 17.85 Å, in good
agreement with the experimental values. The results of the DFT calculations
concerning the charge transfer are shown in Table 4.3.
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Figure 4.6: Large STM images of a self-assembly domain of the mixed of TCNQ
2:1 TTF on Ag(111) deposited at RT and acquired at 120 K. c) The self-assembly
model of the mixed island above the STM image, the black square indicate the
corresponding unit cell. d) DFT calculations taking into account the silver substrate.
e) Induced charge density. Blue and red mean a defect and an excess of electrons,
respectively. a) 681 Å × 662 Å; -0.2 nA, -0.71 V. b) 147 Å × 184 Å; -0.34 nA,
-0.14 V. c) 49 Å × 61 Å; -0.34 nA, -0.14 V.
Table 4.3: Partial charge of the different molecules on the Ag(111) in the mixed
phase TCNQ-TTF, 2:1 stoichiometry (where ∆q < 0 corresponds of a gain of
electrons and ∆q > 0 indicates a loss of electrons). Both Mulliken and Bader (in
parenthesis) results are given. Results are also given for a free-standing layer with
exactly the same geometry but wihouth the silver substrate.
Qgas phase (e-) QAg(111) (e-)
Ag +1.32 (+2.2)
TTF +0.92 +0.51 (+0.37)
TCNQ (up) -0.47 -0.93 (-1.30)
TCNQ (down) -0.45 -0.94 (-1.27)
TTF donates +0.51 electrons to the silver substrate. The two types of
TCNQ hold a with similar charge (-0.9 e), so in this case 0.66 e in each TCNQ
are coming form the silver surface. As in the previous cases, charge density
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difference isosurfaces (figure 4.6e) show that the charge transfer takes place
through the substrate, and not directly between molecules. The adsorption
energy for this arrangement is -3.05 eV/molec.
4.2.4 TCNQ 4:1 TTF
Figure 4.7: a) Large STM image of a self-assemble domain of the mixed of
TCNQ 4:1 TTF on Ag(111) deposited at RT and acquired at the same temperature.
b) Zoom of TCNQ-TTF with 4:1 stoichiometry. c) Proposed structural model indi-
cating the epitaxial relationship with respect to the silver surface. a) 291 Å × 325
Å; -0.52 nA, -0.45 V. b) 98 Å × 123 Å; -0.35 nA, -0.76 V.
Figure 4.7a shows a large STM image of a new self-assembled mixed TCNQ-
TTF phase obtained after further increasing the dosage of TCNQ. A close-up
image is shown in figure 4.7b. This phase can be view as composed of two
types of rows of TCNQ molecules with TTF molecules between the rows.
The first type has a zig-zag shape (marked with white arrow) and is very
similar to those found in the mixture TCNQ-TTF with 2:1 stoichiometry.
The other row, marked with black arrow, is made by alternating couples
of TCNQ molecules rotated 900 with respect to the next pair of TCNQ
molecules. Every TTF molecules is surrounded by six TTF molecules, as
in the 2:1 TCNQ-TTF phase. The unit cell contains 8 TCNQ and 2 TTF
molecules, and the sides of this cell are b1 = 27.1(±0.8) Å, b2 = 39.9(±0.9) Å,
and γ = 1200. Figure 4.7c shows a model for this arrangement, the matrix
describing the epitaxial relationship with the substrate can be written as(
b1
b2
)
=
(
7 −3
4 14
)(
a1
a2
)
. Due to the size of this new unit cell, theoretical
calculations for this mixtures have not been carried out.
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4.3 TCNE-TTF on Ag(111)
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Figure 4.8: STM images of different domains of mixed TCNE-TTF on Ag(111)
with the following stoichiometry relation: a) 1:2. b) 2:3. c) 1:1. d) 1:1 with silver
adatoms. a) 68 Å × 86 Å; 0.68 nA, 0.31 V. b) 98 Å × 123 Å; 0.55 nA, 0.30 V.
c) 98 Å × 123 Å; -0.3 nA, -0.11 V. d) 98 Å × 123 Å; -0.53nA, -1.53V.
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In the next series of experiments, we have studied the mixed adsorption of
TCNE-TTF on Ag(111). First of all, we have checked that the order of
deposition of the acceptor and donor molecules does not play an important
role. So, the acceptor can be deposited before or after the donor molecule
and the self-assembly of the TTF-TCNE structures does not change. To
avoid confusions, all the experiments shown in this section have been re-
alized by depositing first the donor molecule TTF and then the acceptor
TCNE. When TTF and TCNE are deposited on Ag(111) at room tempera-
ture they form spontaneously different mixed phases with molecular arrange-
ments whose structure depends only on the ratio of both molecules on the sur-
face. Figure 4.8 shows all the different phases that can be found. An enough
excess of TTF reveals the formation of a mixed phase with stoichiometry
(TCNE)1:2(TTF); after increasing the TCNE concentration, another mixed
phases appear: (TCNE)2:3(TTF), (TCNE)1:1(TTF) and another different
phase with 1:1 stoichiometry but with the participation of silver adatoms. In
every case, the arrangement of the molecules inside this phases lead to chiral
structures (see below).
4.3.1 TCNE 1:2 TTF
Figure 4.9 shows STM images, taken at 125 K, of the mixed phase 1:2
(TCNE:TTF) on Ag(111). The substrate was kept at room temperature
during molecular deposition. The molecular domains extend over hundreds
of angstroms over the substrate. The molecules seem to form chains spon-
taneously, although the size of each singular chain is different due to defects
in the arrangement. Figure 4.9a shows two possible configurations of the
chains (black and blue) with orientations that differ 100 respect to the high
symmetry directions of the silver surface. The chains are built by connect-
ing either the upper part of the following chain with the center of previous
chain, or connecting the lower part of the next chain with the center of the
chain, in the other case. However, the axis of the isolated chains (marked in
black and blue arcs in figure 4.9a and black arcs in figure 4.9 d) are oriented
along the high symmetry directions of the silver surface. Figure 4.9b shows
a zoom inside the mixed island, where the singular chain is consisting by two
semicircle, which each semicircle is made of 5 TTF molecule and two TCNE
molecules inside the chain, on the upper/lower part of the chain is around
three TCNE molecules. This size of the chain (5 TTF) is the more common
but also it can be found with 4-6 TTF molecules.
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Figure 4.9: a-c) STM images, taken at 125 K, of a self-assembled domain of the
mixed TCNE 1:2 TTF phase on Ag(111). a) The two ellipses mark the two possible
direction of the chains. c) A close-up STM image with the molecular structures
superimposed. The black square indicate the unit cell. d) Proposed structural model
indicating the epitaxial relationship with respect to the silver surface. a) 489 Å ×
423 Å; -0.45 nA, -0.78 V. b) 98 Å × 123 Å; -0.38 nA, -0.48 V. c) 55 Å × 51 Å;
-0.93 nA, -0.48 V.
Figure 4.9c shows a zoom inside this island with a model of the unit
cell superimposed. The unit cell of this structure contains five TCNE and
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ten TTF molecules, with sides b1 = 34(±0.9) Å, b2 = 29.6(±0.8) Å, and
γ = 1100. For this assembly, the matrix describing the epitaxial relationship
with the substrate can be written as
(
b1
b2
)
=
(
10 −3
4 11
)(
a1
a2
)
. Figure 4.9d
shows a model of this mixed phase.
The TTF molecules form zig-zag chained structures uniformly over the
surface. The interaction between TTF molecules is dominated by S· · ·H-C
hydrogen bonds. This self-assembly is very similar to what has been reported
on Au(111) for a coverage of 0.5ML [36, 122, 171]. In the upper part of
the figure 4.9c has drawn three TTF molecules, where the center molecule is
connected to the other molecules from its hydrogen atoms to the sulfur atoms
of its neighboring. Hence the hydrogen bonds of this molecule are full. On
the other hand, each TCNE molecule is surrounded by six TTF molecules,
where the TTF upper and lower are connected by hydrogen bonds to the
neighbors TTF. The other 4 TTF are interacted with TCNE by C≡N· · ·H-
C hydrogen bonds. This bonds constitutes part of the driving force behind
the mixed phase formation.
????
Figure 4.10: Large STM images of early stages of the mixed TCNE 1:2 TTF on
Ag(111) when the TCNE are deposited directly to the STM at 125 K and imaged
at the same temperature. a) 978 Å × 1227 Å; -0.53 nA, -0.67 V. b) 293 Å × 368
Å; -0.49 nA, -0.74 V.
Low temperature (125 K) deposition of TCNE onto TTF molecules on
Ag(111) results in the formation of small islands, as shown in figure 4.10.
That have the same appearance than the large chains but in this case they
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consists of only one link: at this temperature the molecules have enough mo-
bility to form the TCNE-TTF mixture, but not enough energy to build the
large chains. In figure 4.10 it can be observed also the three possible orienta-
tions of the chains (marked by white arrow) for this arrangement, which also
coincide with the high symmetry axis of the silver surface. Moreover, these
small islands can be converted into large domains like those shown in figure
4.9a by increasing the temperature up to room temperature. In addition,
these self-assemblies are the early stages of the mixed TCNE 1:2 TTF.
4.3.2 TCNE 2:3 TTF
Figure 4.11 presents an STM image, acquired at 150 K, of a mixed TCNE-
TTF phase, obtained by depositing additional TCNE molecules. The sub-
strate was kept at room temperature during molecular deposition. The
molecules form spontaneously mixed domain. Figure 4.11a shows a typical
overview STM image revealing highly ordered domains composed of alternat-
ing long bright rows of TTF and dark rows of TCNE. The rows can be found
oriented in six different directions. The ordering along the TTF rows is very
similar to the chain order and it is dominated by S· · ·H-C hydrogen bonds.
The molecules are located in three different heights, as shown in the figure
marked by this circle. It is like a stair of three steps and it is connected to the
next by the upper molecule with the following bottom molecule. Moreover,
the neighboring rows are closer, figure 4.11b marked by ellipsoid, in where
the upper molecule in one row are always close to the bottom molecule in
the other row. This arrangement avoid the formation of TCNE rows and
these molecules are connected by pairs of TCNE inside this mixed. This
self-assembly can be observed with more details in the high resolution STM
image shown in figure 4.11c. From the STM image a model of the planar
self-assembled mixed phase can be tentatively suggested where the acceptors
and donors molecules interact and form a hydrogen bonds network by short
range C≡N· · ·H-C connections. In this case the unit cell consists of two
TCNE and three TTF molecules, with b1 = 16.3(±0.8) Å, b2 = 18.8(±0.6)
Å, and γ = 700. For this assembly, the matrix describing the epitaxial rela-
tionship with the substrate can be written as
(
b1
b2
)
=
(
6 5
−1 6
)(
a1
a2
)
. The
orientation of this unit cell is not along the high symmetry axis of the silver
substrate allowing the formation of this mixed phase in 6 different orienta-
tions (figure 4.12a) (three of them can be seen in figure 4.11a). Some of
them,V and VI, can be seen in figure 4.12c and figure 4.12d. They are chiral
between them.
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Figure 4.11: STM images, taken at 150 K, of a molecular self-assembled domain
of the mixed TCNE 2:3 TTF on Ag(111) at RT. c) STM image of the mixed domain
is presented with the model superimposed to illustrate the surface unit cell. a) 692
Å × 924 Å; 0.44 nA, 0.78 V. b) 98 Å × 123 Å; -0.3 nA, -0.08 V. c) 33 AA × 39
Å, -0.3 nA; -0.08 V.
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Figure 4.12:
The six different possible orientations of the experimentally measured unit cell on
Ag(111) for the 2:3 TCNE-TTF mixed phase. b) Proposed structural model indi-
cating the epitaxial relationship with respect to the silver surface. c-d) STM image
for two orientations of this acceptor-donor networks, V and VI, respectively. c) 98
Å × 123 Å; 0.55 nA, 0.30 V. d) 98 Å × 123 Å; -0.34 nA, -0.35 V.
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4.3.3 TCNE 1:1 TTF
Figure 4.13: a) Large STM image of a supramolecular phase of mixed TCNE
1:1 TTF on Ag(111) taken at 133 K. The bright rows consists of TCNE and TTF
molecules, where TTF are slightly rotated with respect to the TTF inside the other
part of the island. b) Self-assembled mixed phase of TCNE-TTF on Ag(111). c)
Zoom inside the mixed island with the model of the unit cell superimposed, the black
square indicate the unit cell. a) 293 Å × 368 Å; -0.49 nA, -0.99 V. b) 98 Å × 123
Å, -0.43 nA, -0.99 V. c) 59 Å × 34 Å, -0.43 nA, -0.99 V.
Increasing a bit more the TCNE dosage on the surface, the “row islands”
disappear and a new arrangement of this mixed phase is observed, as shown
in figure 4.13. In this large topographic image can be found bright protrusions
(marked by white arrow) with different lengths and some ordered between
them. Figure 4.13b shows this self-assembled inside this bright protrusions
where it can be observed three rows between them. A close-up of this mixed
phase shown in figure 4.13c, where the bright rows are made of alternate
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TCNE and TTF molecules, with this resolution can be understood why in
the large images these rows have different lengths. Figure 4.13b shows a
defect (marked by this black circle), where the TCNE molecule are rotated
900 respect to the other TCNE on the rows but the TTF always has the
same orientation. As consequence of that the global appearance looks like
a discontinuous bright rows. On the other hand, The other rows are also
made of alternate TTF and TCNE molecules, but the donor molecules are
rotated 600 with respect to the other TTF inside the bright rows. In addition,
the arrangement between TCNE-TTF molecule are different than the other
mixed phase. In the other cases the TCNE can be found in the head-on
position of the TTF molecule. Here the TCNE is positioned at the head-
on position but also at the side of the TTF and the molecular coordination
are changed. In order to know which is the trigger in this mixed phase. It
has been reported that TTF with ∼ 0.8 ML on Au(111) induces 2D TTF-
island, where the molecules pack densely in a parquet-like structure where
adjacent molecules are rotated also 600 [36, 122]. Moreover, it has been
reported that the phase transformation of the 2D metal-organic coordination
networks driven by in-plane compression of trispyridylbenzene (TPyB) with
copper on Au(111) [172]. So, the molecular coordination could be depend
on the stoichiometry and the density of the molecules inside the island. We
estimated the molecular density on the different TCNE-TTF domains:
Table 4.4
TCNE-TTF domain molecular density (1/Å2)
1:2 0.34
2:3 0.36
1:1 0.37
The donor-acceptor network with more molecular density per Å as the 1:1.
As a consequence of this results with the stoichiometry changes and the pack
densely of TTF on Au(111) with higher coverage. It can be explained the
changes in the molecular coordination for this mixture 1:1 TCNE-TTF, where
some TTF are rotated 600 respect to others. Again, as the other phases, the
self-assembled structure is stabilized via S· · ·H-C hydrogen bonds between
TTF molecules and via C≡N· · ·H-C hydrogen bonds between acceptor and
donor molecules.
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Figure 4.14: The six different possible orientations of the experimentally mea-
sured unit cell on Ag(111) for the 1:1 TCNE-TTF mixed phase. b) Proposed struc-
tural model indicating the epitaxial relationship with respect to the silver surface
c-d) STM images for two orientations of this acceptor-donor networks, I and II,
respectively. c) 53 Å × 45 Å; -0.26 nA, -0.35 V. d) 53 Å × 45 Å, -0.43 nA, -0.99
V.
In this case the unit cell consists of four TCNE and four TTF molecules
and one of the side orientation is along the high symmetry axis of the silver
substrate however the molecules inside the unit cell is slightly tilted respect
to the silver axis. Allowing the formation of this mixed phase in 6 different
orientations as shown in figure 4.14a. Figure 4.14c and figure 4.14d present
two of this possible directions. The sides of this unit cell are b1 = 35.8(±1)
Å, b2 = 13.1(±0.7) Å, and γ = 1100. A model for this structure is proposed
in figure 4.14b, the matrix describing the epitaxial relationship with the
substrate can be written as
(
b1
b2
)
=
(
13 0
1 5
)(
a1
a2
)
.
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4.3.4 TCNE 1:1 TTF with silver adatoms
Figure 4.15: A typical overview STM topography image of TCNE and TTF
rows taken at 150 K. b) STM image of an ordered TCNE-TTF with silver adatoms
on Ag(111). c) Zoom inside the 1:1 mixed domain with intramolecular resolution
with the unit cell model superimposed. a) 489 Å × 519 Å; -0.3 nA, -1.74 V. b) 98
Å × 123 Å, -0.53 nA, -1.53 V. c) 49 Å × 60 Å, -0.53 nA, -1.53 V.
When the TCNE dosage on the surface is further increase, again a different
mixed structure is obtained. Figure 4.15a shows a large scale image where the
molecules seem to be arranged in parallel rows, marked by white arrow. At
first sight, this self-assembly looks like the TCNE 1:1 TTF phase, since it is
composed of alternating rows of acceptor and donor molecules. This structure
is similar that TCNQ 1:1 TTF observed on Ag(111), as shown in previous
section, and also it has been reported on Au(111) [148, 169]. However a zoom
inside this arrangement (figure 4.15b and figure 4.15c) shows that the islands
are not only made of TCNE and TTF molecules, but there are also silver
adatoms participating in the phase structure. This new rows are formed
by alternating one TCNE and two silver adatoms. Different phenomena are
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involved in this new mixed phase:
1. The molecular coordination again had changed and the TCNE are po-
sitioned at the head-on position of the TTF molecule like the 1:2 and
2:3 stoichiometries.
2. The molecular density inside the unit cell, taking into account the silver
adatoms, is 0.18 (1/Å2) which is much lower than the other networks.
3. An increment of TCNE dosage respect to the other networks and the
strong acceptor character of the molecule could lead to the presence of
silver adatoms, as shown for pure TCNE islands.
As a consequence of them the mechanism of the new mixed phased can be
explained. Figure 4.15c shows a zoom with intramolecular resolution where
a molecular model of the unit cell was superimposed. This unit cell contains
one TCNE molecule, one TTF molecule and two silver adatoms. In this
networks the self-assembled structure can be described by S· · ·H-C hydrogen
bonds between TTF molecules, two cyano groups of acceptor molecule are
connected to two the silver adatoms (as we explained in the previous chapter,
a similar interactions has been shown after depositing just TCNE islands on
the silver surface), the other two cyano groups are interact with the TTF
molecules by C≡N· · ·H-C hydrogen bonds. Finally, in the figure 4.15c it can
be observed that some sulfur atoms are assembled with the silver adatoms.
The sides of this unit cell are b1 = 23.2(±1) Å, b2 = 13.5(±0.6)Å, and
γ = 900. A model for this structure is proposed in figure 4.16b, the matrix
describing the epitaxial relationship with the substrate can be written as(
b1
b2
)
=
(
5 4
−5 4
)(
a1
a2
)
. With these values, six different orientations of this
phase on Ag(111) should exist, as shown in figure 4.16a. Figure 4.16c and
figure 4.16d shows two of this domains.
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Figure 4.16:
The six different possible orientations of the experimentally measured unit cell on
Ag(111) for the 1:1 TCNE-TTF mixed phase with two silver adatoms. b) Proposed
structural model indicating the epitaxial relationship with respect to the silver sur-
face. c-d) STM images for two orientations of this acceptor-donor networks, III
and I, respectively. c) 98 Å × 123 Å; -0.53 nA, -0.15 V. d) 98 Å × 123 Å; -0.46
nA, -0.59 V.
Figure 4.17 shows a four STM images that was taken at four different
bias voltages. STM simulated images was carried out for different orbitals
of the molecule. Figure 4.17 also shows this adsorption models that was
first relaxed in gas phase with the semiempirical PM3 method, (the original
program code stems from Oliver Gröning and Roman Fasel at the EMPA in
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Saint Gallen, Switzerland). The experimental results and these simulations
are very similar, although all the voltages of the STM are positive.
?? ??
?? ??
??????
???? ??????
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Figure 4.17: STM images of TCNE-TTF mixed phased with 1:1 stoichiometry
on Ag(111) taken at four different bias voltages and imaged at 150 K. At the right
side of all the images, in the upper part has been drawn different orbitals of the
donor molecule and below is the simulated STM images of TTF molecule. a) 147
Å × 184 Å; -0.55 nA, -0.524 V, b) 196 Å × 245 Å; -0.37 nA, -0.71 V. c) 98 Å ×
123 Å; -0.16 nA, -0.76 V. d) 98 Å × 123 Å, -0.53 nA, -1.53 V .
No new mixed phased has been observed upon further increase of the
TCNE dosage. On the contrary, due to this excess of TCNE, the acceptor
starts to growth on the pure TCNE islands at room temperature. Figure
4.18 shows the coexistence of last phase (mixture 1:1 with silver adatoms)
with the pure TCNE islands. Similar behavior has been reported with the
mixture of F16CuPc and Pentacene on Au(111) [165]. In addition, after
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this ratio stoichiometry the system are saturated and it can not form more
mixture acceptor-donor phases.
????
Figure 4.18:
A typical overview STM topography image taken at 180 K. After increase the dosage
of TCNE on Ag(111). Coexist the pure TCNE islands and TCNE-TTF mixed with
silver adatoms with 1:1 stoichiometry. a)489 Å × 614 AA, -0.31 nA, -0.34 V, b)
196 Å × 245 Å, -0.36 nA, -2.2 V.
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4.3.5 Mixed adsorption of TCNE and TTF
annealed on Ag(111)
????
??
??
Figure 4.19: Large STM image of TTF annealed at 350 K and then TCNE was
deposited on Ag(111) at 100 K and imaged at the same temperature. a) Well TTF
annealed order island and on top some TCNE molecules. b) STM images taken
at 120 K where TCNE low temperature islands appear with TTF annealed island.
c-d) Topographic STM image, after annealing the sample at room temperature and
imaged at 120 K. Coexist TTF annealead islands with TCNE room temperature
islands. a) 488 Å × 613 Å; -0.69 nA, -1.8 V. b) 195 Å × 245 Å; -0.47 nA, -1.44
V. c) 195 Å × 245 Å; -0.35 nA, -1.48 V. d) 247 Å × 280 Å; -0.31 nA, -1.36 V.
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To clarify a bit more that the molecule TTF molecule are adsorbed almost
planar when it is mixed with the TCNE molecule. In this series of experi-
ments, the donor, TTF, was evaporated on Ag(111) with the sample at room
temperature. After annealing at 350 K during 10 minutes the molecules form
well order islands where the TTF are slightly tilted, as described in the chap-
ter 3. Then, the acceptor, TCNE, was deposited directly to the STM at 100
K at the same temperature. The STM images (figure 4.19a) show some noise
and mobility above the TTF islands. Increasing slowly the temperature a
few kelvins, pure acceptor islands start to growth on the silver substrate in
the low temperature ordering as described in the chapter 3, and this phase
coexist with the TTF islands; that is, in this case TTF and TCNE do not
mix, even after increasing slowly the temperature up to room temperature
(figure 4.19c and figure 4.19d) where it can be observed the pure TCNE island
with the pure TTF annealed island. So, the slightly tilted TTF molecules
are more stable inside the pure donor island forming a mixture with the ac-
ceptor. Further increase of the temperature to promote intermixing on the
system is not possible because the TCNE molecules desorb at 350 K, almost
the same temperature at which pure TTF islands are formed.
4.3.6 Electronic structure of TCNQ-TTF
compounds on Ag(111)
In order to obtain more information on the electronic properties of the ad-
sorbed acceptor-donor systems on the Ag(111) surface, XPS measurements
were carried out. Both core-level shifts and changes in the work-function of
the various systems have been tracked trough the various changes in stoi-
chiometry.
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Figure 4.20: S2p, N1s and C1s region of the XPS spectra taken on the differ-
ent TCNQ-TTF networks. The spectra corresponding to the pure TTF and TNCQ
layers are also included. The spectra are displaced vertically for clarity. The sto-
ichiometry ratios indicated for every spectra correspond to the majority phase ob-
served in the STM images.
Figure 4.20 shows a high resolution spectra of the various regions of in-
terest (S2p, N1s, and C1s core levels) for the different TCNQ-TTF (figure
4.20) and TCNE-TTF (figure 4.23) compounds on Ag(111). As mentioned in
the previous chapter, the nitrogen region of study, figure 4.20, overlaps with
features stemming from plasmon loss peaks of the Ag(111) surface, thereby
masking part of the nitrogen peak [93]. For each element a different behavior
is found. For the S2p component, figure 4.20, present in the TTF molecules,
a single doublet is observed, indicating that the molecule is adsorbed almost
4.3 TCNE-TTF on Ag(111) 105
planar on the silver surface, in agreement with the theoretical calculations
of the previous chapter. Furthermore, a shift in binding energy of the S2p
doublet is observed with changing stoichiometry, decreasing the apparent
binding energy with increasing TCNQ content. For the C resonance, figure
4.20, a shift in the same direction is observed, while the peak shape seems
to evolve smoothly from the shape corresponding to pure TTF to the shape
corresponding to pure TCNQ. For the nitrogen resonance a smaller shift to
lower binding energies is also observed. To quantify these shifts in more de-
tail, figure 4.21 shows the binding energies of the core levels of both donor and
acceptor molecules obtained by fitting the spectra of figure 4.20.The appar-
ent core-level binding energy of the TCNQ seems indeed to remain constant
for all observed stoichiometries, while the core-level of the TTF molecules is
lowered. Also in this figure 4.20 shows the theoretical position of this mixed
phases.
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Figure 4.21: The evolution of the sulfur and nitrogen core levels binding energies
as a function of the area of the relative amount of TCNQ and TTF molecules
(measured as the ration between the area of N1s peak and the sum of the areas
of the N1s peak and the S2p peak). The vertical dashed lines correspond to the
stoichiometry phases TCNQ:TTF 1:2, 1:1, 2:1, and 4:1.
These results are seemingly contradicting the theoretical results relative
to the partial charges on the TTF and TCNQ molecules for the different
phases, where it is calculated that the TTF molecules donate more charge
(becoming more positive) upon increasing the number of TCNQ neighbors
(see table 4.5 and figure 4.22). In a first approximation, one would expect
that the oxidation of the donor molecules would shift the core levels to higher
binding energies, since it should be harder to remove additional electrons.
106 Charge transfer complexes on Ag(111)
Table 4.5: Summary of tje calculated partial charges on the TCNQ and TTF
molecules for all the different mixed phases TCNQ-TTF on gas phase and on
Ag(111), where ∆qbader < 0 corresponds of a gain of electrons and ∆qbader > 0
indicates a loss of electrons
TCNQ:TTF/
Ag(111)
Q(e)
TTF 1:2 1:1 2:1 TCNQ
TTF (edge) +0.24
TTF (central) +0.23
TTF +0.10 +0.42 +0.51
TCNQ (up) -0.93
TCNQ (down) -0.94
TCNQ -1.10 -1.02 -0.99
TCNQ:TTF
(gas phase)
Q(e)
TTF 1:2 1:1 2:1 TCNQ
TTF (edge) +0.42
TTF (central) +0.43
TTF +0.67 +0.92
TCNQ (up) -0.47
TCNQ (down) -0.45
TCNQ -0.83 -0.67
However, not only the change in the number of valence electrons of a molecule
dictates the core level shift of its constituent atoms. Additionally, and easily
overlooked, is that the screening of the atom by its external environment
plays a crucial role [173]. As shown in [173] and [164], this screening effect is
able to mask the shift of the core level induced by the change in molecular
valence electrons, and can even lead to a shift in the opposite direction. As
shown in [173], the expected core level shift is given by an addition of both
effects, and they can be treated separately.
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Figure 4.22: Calculated partial charges of the TTF and TCNQ molecules for
every one of the different mixed phases. b) potential that feels one molecule (TTF
or TCNQ) due to the partial charge of the surrounding molecules for the different
phases.
To first approximation, we can conclude the potential a molecule “feels”
due to the charge in the neighboring molecules. The results, assuming point
charges localized in the geometric centers of the molecules and considering
only first neighbors, are shown in figure 4.22. For both molecules, the po-
tential becomes more negative as the TCNQ content increases, which makes
sense because the charge of the TCNQmolecules, negative, is greater than the
charge in the TTF molecules (positive). A more negative potential, implies a
decrease in binding energy, due to the electrostatic repulsion. Although it is
difficult to translate both effects (molecular charge and potential) into core
level shifts [173], we can see that the effect of the potential is in agreement
with the experimental results, and apparently, the dominant effect. In addi-
tion, this should explain why the core level shift when increasing the TCNQ
content is larger for S2p than for N1s, since the charge in the potential for
TTF when going to pure TTF to TTF 1:2 TCNQ is larger than the change
in potential for TCNQ when going from TTF 2:1 TCNQ to pure TCNQ.
It is useful to compare the results about the partial charges with those
calculated for free-standing layers with exactly the same geometry. In this
case, as the TCNQ content increases, the TTF charge (positive) increases
and the TCNQ charge (negative) decreases. On Ag(111), the TTF charge
increases with TCNQ content, but the TCNQ charge remains approximately
constant and equal to -1 e.
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4.3.7 Electronic structure of TCNE-TTF
compounds on Ag(111)
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Figure 4.23: S2p, N1s and C1s region of the XPS spectra taken on the different
TCNE-TTF networks. The spectra corresponding to the pure TTF and TCNE layer
are also included. The spectra are displaced vertically for clarity. the stoichiometry
ratios indicated for every spectra correspond to the majority phase observed in the
STM images.
The XPS results for the mixed TCNE-TTF phases are shown in figure 4.23.
Although smaller, the S2p core level shows a decrease in binding energy when
increasing the TCNE content, while the N1s binding energy remains approx-
imately constant as shown in figure 4.24. Unfortunately, we do not have
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theoretical results concerning charge transfer for these systems. However,
since the charge transfer for TCNE (-0.88 e) and TCNQ (-0.99 e) are very
similar, we should expect the behavior of the potential to follow the same
trend than for the TCNQ-TTF system.
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Figure 4.24: The evolution of the sulfur and nitrogen core levels binding energies
as a function of the relative amount of TCNE and TTF molecules (measured as
the ration between the area of the N1s peak and the sum of the areas of the N1s
peak and the S2p peak). The vertical dashed lines correspond to the stoichiometry
phases TCNE-TTF 1:2, 2:3, and 1:1.
For the TCNE-TTF system we have also measured the work-function
as a function of the TCNE content. While the adsorption of a pure TTF
layer causes a small decrease with respect to the work-function of the clean
surface (- 0.25 eV), TCNE increases the work-function by 0.96 eV. Figure
4.25 shows that the variation for the mixed layers does not follow a simple
lineal relationship with the TCNE content, as it should be if the partial
charge on the molecules would not depend on the stoichiometry ratio. In
any case, the variation between the two extreme values of the work-function
depends smoothly on the TCNE content and, in principle, an appropriate
combination of TTF and TCNE with the right stoichiometry would allow to
build an interface with a previously required work-function.
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Figure 4.25: Work-function of the different TCNE-TTF phases as a function
of the TCNE content. The horizontal line is the worfuction of the Ag(111) surface.
4.4 Conclusions
In this chapter we have studied the adsorption, the structural and electronic
properties of two mixed acceptor-donor systems (TCNQ-TTF and TCNE-
TTF) on Ag(111). In both cases, after deposition at room temperature, and
depending on the stoichiometry, the molecules form spontaneously mixed
phases, some of them not known in bulk phase. The metal surface allows us
to expand the variety of such Donor-Acceptor networks.
In the case of TCNQ-TTF, increasing the TCNQ dosage on the systems,
four different phases have been observed with TCNQ:TTF stoichiometries:
1:2, 1:1, 2:1, and 4:1, respectively and each leading to different levels of charge
transfer. TCNQ, being a strong electron acceptors, holds in every case a neg-
ative charge close to 1 e. However, the charge on the TTF molecules, being
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positive, seems to increase with the TCNQ content. At the same time, and
contrary to expectations, both C1s and S2p core levels shift to lower bind-
ing energy with excess of TCNQ, while the N 1s core level does not shift
appreciably due to the strong interaction with the substrate. These results
show that for these mixed systems, the core level shifts do not only depend
on the charge state of the molecule. Actually, simple calculations show that
the effect of the potential created by the nearby molecules (for both TCNQ
and TTF, more negative when increasing the TCNQ content) shifts the core
levels in the opposite direction, an effect that can actually overcome the ef-
fect of the molecular charge.
In the case of TCNE-TTF also four different acceptor-donor phases have
been reported: 1:2 , 2:3 , 1:1, and 1:1 with silver adatoms. The last phase
show the strong character of the acceptor, as when the TCNE molecules was
deposited on Ag(111) when silver adatoms are incorporated to the mixed
phase. The XPS measurements show similar results than for the TCNQ-
TTF case, and we can expect the potential the molecules feel to follow the
same trend than for that system. In addition, we have also shown that the
surface work-function can be controlled by adjusting the ration of TCNE and
TCNQ molecules.
In summary, the STM, XPS measurements, with support of DFT cal-
culations, show that controlling the stoichiometry ratio in these complexes
allow us to tune both the structural and the electronic properties of a donor-
acceptor system.
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5
DCNQI and DCNQI-Fe on metal
substrates
5.1 Introduction
In this chapter we have studied the adsorption and the assembly of dicyano-
p-quinonediimine (DCNQI) on Cu(100) and Ag(111). Also, the adsorption
and the assembly of DCNQI molecules with Fe atoms on Ag(111) and the
formation of a Fe-DCNQI coordination network are discusssed.
5.2 DCNQI
5.2.1 The molecule
DCNQI is an electron acceptor belonging to the TCNQ family which forms
a large number of charge transfer and coordination compounds exhibiting
metallic conductivity [174–177]. This acceptor molecule (figure 5.1), planar
in gas phase, consists of a quinoid carbon ring and two cyanoimine groups
(=N-CN). It has two stable configurations: the trans-form, that has the
cyanoimine groups pointing towards opposite sides of the molecular main
axis, and the cis-form, where both cyanoimine groups point towards the
same side of the molecule.
Isomerization takes place when one of this cyanoimine group changes
from one side to the other side of the molecular axis. The isomerization
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mechanism can be i) an inversion, ii) a rotation or iii) an intermediate
mechanism [178]. In the first case the cyano group moves in the plane of the
molecule (as determined by the C ring) and rotates 1800 degrees around the
N atom, while in the second case the cyano group moves out of the plane of
the molecular axis until it lies again within the main plane.
The stereochemistry of DCNQI and its derivatives has been thoroughly in-
vestigated [176, 179]. For the parent compound, trans/cis configurations are
easily interconverted in solution (with an activation energy Ea =∼ 0.5eV ),
although the trans-isomer is slightly preferred (80:20) [179], since the dipole
moments are reduced in this configuration [179]. Theoretical calculations
reveal that isomerization takes place via inversion of the cyano group around
the imine nitrogen atom, with a gas phase activation energy of 0.63 eV, that
it was previously reported [176] (our own calculations give Ea =∼ 0.66eV ).
Figure 5.1: Chemical structure of the DCNQI molecule (dark blue=nitrogen
atoms, light blue=carbon atoms, white=hydrogen atoms) a) Trans configuration of
the molecule; b) Cis configuration.
We have carried out DFT calculations of DCNQI in gas phase for different
charge states. The results are schematically shown in figure 5.2. When the
molecule is in the neutral state (zero charge), the energy barrier for isomer-
ization is 0.66 eV very similar to the experimental value measured in solution,
and the transition takes place by inversion of the cyano group. When the
molecule accepts one electron, (DCNQI)1−, the transition state reveals that
the isomerization take places by a mixture of inversion and rotation, with an
energy barrier (0.63 eV) very similar to that of the neutral molecule. In the
last case, when the molecule accepts two electrons, (DCNQI)2−, the energy
barrier is much lower, 0.26 eV, and isomerization takes place by rotation of
the cyano group around the imine nitrogen atom. This is possible because
in the dianion state there is a significant electron redistribution (figure 5.3):
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the quinoid ring becomes aromatic and the double bond B3 takes a single
bond character allowing the rotation of the cyanoimine group. In all cases
the cis-isomer is always slightly higher in energy than the trans-isomer.
???? ??
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Figure 5.2: Results of gas phase calculations showing the transition state (cen-
ter) and the energy barrier from the trans-isomer (left) to the cis-isomer (right),
for three charge states: a) DCNQI in neutral state:(DCNQI)0. b) the anion
(DCNQI)1−. c) the dianion (DCNQI)2−.
Figure 5.3: Scheme of the changes in the electron distribution in the trans-form
of DCNQI when it accepts two electron: the quionid ring becomes aromatic and
the double bond connecting the ring with the cyanoimine group (B3) changes from
double bond to single bond, allowing the rotation of the cyano group around the
imine nitrogen atom.
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5.3 DCNQI on metal substrates
5.3.1 Introduction: Isomerization on metal surfaces
In the last years, there has been much interest in the realization of molecular
switches for the development of new technologies with possible applications
in molecular electronics. For a molecule to act as a switch, it is required
the existence of at least two stable switching states with different physi-
cal/chemical properties (for instance, a change in conductance), where the
switching process can be controlled by an external influence. In addition, if
the molecules are to be integrated in an electronic circuit, they need to be
deposited on a substrate.
Cis-trans isomerization reactions have been recently proposed as mod-
els for the action of molecular-scale switches [180]. Molecules like azoben-
zene derivatives have two stable isomers: a nearly planar trans-form and
a non-planar cis-form. However, adsorption on a surface may change the
molecule properties. For example, when deposited on Cu(110) only the
trans-isomer can be found due to the strong interaction between the sub-
strate and the molecule [181]. So far, successful switching experiments have
been performed only on Au(111), where the isomerization reaction has been
triggered by light irradiation [182–187], thermal activation [185, 188, 189],
and the tunneling current [190] or the electric field [191, 192] from the tip of
a scanning tunneling microscope. It thus appears that minimizing surface-
molecule interaction should promote the isomerization reaction. Also, other
types of molecules have been used for isomerization mechanism on Au(111),
as imine derivates [193]. For that reason, the more reactive substrates are
usually avoided for successful molecular switches, and inert surfaces with
weak molecular-substrate interactions should be the only ones in which iso-
merization reactions triggered by external influences could be expected to
take place. However, it might also be happen that molecule-surface inter-
actions could, in some cases, bring the molecular conformation closer to the
transition state, thereby facilitating the progress of the reaction. In any case,
to exploit isomerization reactions as switching processes, it is important to
study how the molecules are absorbed on the substrate and the interaction
of the surface with the molecules. More studies are thus needed to correlate
molecule-surface interactions and isomerization reactions.
In this chapter, we are going to study the thermal isomerization process
of DCNQI when deposited on two different substrates: Cu(100) and Ag(111).
We will show that this molecule undergoes a thermally induced isomerization
reaction which is actually facilitated by the molecule-substrate interactions.
5.3 DCNQI on metal substrates 117
Experimental
DCNQI was deposited by sublimation from a glass crucible, kept between
320 K and 340 K, onto the sample when it was already placed on the STM.
As mentioned in chapter 2, in this way the sample could be held at any
temperature between 100 K and room temperature, both during sublimation
and for subsequent STM measurements.
5.3.2 DCNQI on Cu(100) ∗
After depositing 0.03 ML of DCNQI on Cu(100) at 145 K, the STM images
(taken at the same temperature), show that disordered clusters of molecules
appear on the copper terraces. These clusters disappear close to 235 K and
the molecules starts to form well-ordered islands with an internal square
symmetry (figure 5.4a and figure 5.4b). The molecular network so formed is
rather open, which means that relatively strong directional interactions are
controlling the assembly. The unit cell for this arrangement, which we call
the LT phase, can be described by the epitaxial relationship b1 = 3a1 + 4a2
and b2 = −4a1 + 3a2. In the figure 5.4d shown the results of the DFT
calculations when the Cu(100) substrate is taken into account.
To understand this arrangement, DFT calculations were carried out for
a free standing monolayer. The results (figure 5.4c) show that a very sim-
ilar molecular network can be obtained for the trans configuration of the
molecule. Such configuration enables the formation of hydrogen bonds that
would not be possible for the cis configuration. Moreover close-up images
show that the shape of the molecule in the STM images is spindle-like, with
a center of symmetry, that is absent in the cis configuration. The binding
energy per molecule inside the free standing monolayer can be defined as
Ebind =
−(Enet − nEmol)
n
(5.1)
where Enet is the total energy of the unit cell for a free-standing DCNQI
monolayer, n is the number of molecules in the unit cell, and Emol is the
energy of an isolated DCNQI molecule. In this case the binding energy per
molecule amounts to 0.61 eV.
∗These results have been partially described in Christian Urban’s Thesis [95], so we
will give here a summary of the most relevant conclusions.
118 DCNQI and DCNQI-Fe on metal substrates
Figure 5.4: a,b) STM images (taken at 255 K) of islands of DCNQI molecules
on the Cu(100) surface after depositing 0.03 ML at 145 K. c) The results of DFT
calculations showing the minimum energy configuration of a 2 dimensional free
standing monolayer of DCNQI molecules in the trans configuration. The binding
energy per molecule inside the free-standing DCNQI layers, and the lattice param-
eters are ∆ E = 0.61 eV, a = 12.99 Å, b = 12.86 Å. d) Proposed model for the
low temperature phase of DCNQI on Cu(100). The white square indicate the unit
cell of the 2D assembly. a) 512 Å × 610 Å; -0.23 nA, -1.79 V. b) 113 Å × 95 Å;
-0.21 nA, -1.0 V.
DCNQI has also been evaporated with the copper single crystal held at
room temperature. Figure 5.5a and figure 5.5b show the results after deposit-
ing 0.23 ML. In this case the molecules also form ordered islands but with a
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different internal order than for low temperature deposition. The structure
of the islands is more compact. The unit cell in this case, that we can call
the RT phase, can be described by the epitaxial relationship b1 = 6a2 and
b2 = 6a1. In the figure 5.5d shown the results of the DFT calculations when
the Cu(100) substrate is taken into account. The appearance of the molecules
is also different: they show a croissant shape and, therefore, lack a center
of symmetry, reminding strongly of the molecular shape of the cis-isomer.
Actually, DFT calculations for a free standing monolayer show that this ar-
rangement can be explained by the formation of hydrogen bonds between
molecules in the cis configuration (figure 5.5c). Moreover, assuming that the
molecules are in the cis configuration also explains the asymmetric shape of
the molecules in the STM images. The theoretical lattice parameters for this
square network are b1 = b2 = 15.78 Å, which are very close to the experimen-
tal value ( 15.3 Å). After trying different geometries, this turns out to be the
most stable network that can be obtained for a 2D free-standing layer of DC-
NQI molecules, either in the cis or in the trans configuration with a binding
energy per molecule of 0.72 eV. If there is any possible isomerization, once
the molecules are part of this cis network, the process become irreversible
(the islands in figure 5.5a and figure 5.5b are stable at least until 400 K).
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Figure 5.5: a,b) STM images (taken at room temperature) of islands of DC-
NQI molecules on Cu(100) after depositing 0.23 ML at room temperature. c) The
results of DFT calculations showing the minimum energy configuration of a 2 di-
mensional free standing monolayer of DCNQI molecules in the cis configuration.
The binding energy per molecule inside the free-standing DCNQI layers, and the
lattice parameters are ∆ E = 0.72 eV, a = 15.79 Å, b = 15.71 Å. d) The proposed
model for the room temperature phase. The white square indicate the unit cell of
the 2D assembly. a) 625 Å × 745 Å; -0.43 nA, -1.24 V. b) 75 Å × 75 Å, -0.48
nA, -1.24 V.
The RT-phase can also be obtained by depositing directly with the sub-
strate at low temperature and annealing the system to room temperature.
Around ∼ 245 K the molecules reorganize into the RT-phase. Initially both
5.3 DCNQI on metal substrates 121
phases coexist on the copper surface (figure 5.12a), until the transition from
the LT-phase to the RT-phase is complete (figure 5.12d). These RT-phase
islands are stable at least up to ∼ 440 K.
The fact that isomerization takes place at 245 K means that the energy
barrier is much lower than 0.66 eV (the gas phase value) [179]. We have
performed DFT calculations of the minimum energy conformation of a DC-
NQI molecule on the Cu(100) surface, both for the trans and cis isomers.
The results (figure 5.6a and figure 5.6c), show an isolated DCNQI molecule
absorbed with the quinoid ring parallel to the copper surface. The cyano
groups, on the other hand, are bent downwards. The surface is distorted,
with the Cu atoms close to the N atoms lifted 0.16 Å from the ideal surface
termination. Actually, similar molecular and surface distortions have been
reported in the case of TCNQ on Cu(100)[30]. As in that case, there is a
considerable charge transfer from the substrate to the molecule, which here
amounts to ∼ 1.6 e. As a consequence of the electronic redistribution, the
lengths of the molecular bond also experiment significant changes (see table
5.1):
Table 5.1: Bond lengths (in Å) of the neutral DCNQI molecule ((DCNQI)0),
in the dianion state (DCNQI)−2, and adsorbed on the Cu(100) surface
Bond (DCNQI)0 (DCNQI)2− DCNQI/Cu(100)
B1 1.18 1.19 1.20
B2 1.32 1.30 1.29
B3 1.32 1.38 1.40
B4 1.45 1.43 1.42
B5 1.36 1.39 1.41
B6 1.45 1.42 1.42
The phenyl ring becomes almost aromatic, and bond B3 increases appre-
ciably its length, acquiring a marked single bond character and facilitating
the rotation of the cyano group. As should be expected, all these changes are
very similar to what happens to the doubly charged DCNQI molecule in gas
phase. In the case of doubly charged DCNQI in gas phase, the lengthening
of bond B3 facilitates the rotation of the cyano group, and the calculated
energy barrier for isomerization decreases down to a value of 0.26 eV. When
the molecule is adsorbed on the surface, the calculation of the energy barrier
is much more complicated, because if we assume that isomerization takes
place while the molecule is diffusing on the surface, the exact initial and
final states are not exactly known. We have explored different possibilities,
and found that, in every case, the energy barrier is much lower than for the
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neutral isolated molecule. For example, in the case shown in figure 5.6, the
barrier for going from trans (left) to cis (right) is only 0.17 eV.
???? ??
Figure 5.6: Top and side view of a) a local minimum structure of the trans-
DCNQI molecule, c) a local minimum structure of cis-DCNQI, and b) correspond-
ing transition state of the isomerization from a) to c).
Thus, the results show that, in this case, charge transfer can modify the
molecular bond configuration, facilitating the rotation of specific chemical
bonds and decreasing isomerization barriers. This, in turn, can also modify
the islands structure on the substrate. In summary, we have demonstrated,
for the DCNQI/Cu(100) system, the causal connection among the strong
molecule-surface interaction, charge transfer, the isomerization reaction and
the surface islands structure, being an example of crucial interface effects in
organic devices architecture.
5.3.3 DCNQI on Ag(111)
To study how specific to the particular system are the results obtained in
the previous section, we have also investigated the adsorption behavior of
DCNQI on Ag(111).
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In the first series of experiments DCNQI was evaporated onto the surface
of the Ag(111) single crystal at 100 K (the STM images were measured
at ∼ 150 K). In this case, even at this temperature the molecules form
ordered compact islands. These islands have a shape of large fringes strongly
elongated along one direction, like 1D ribbons, as shown in figure 5.7. The
orientation of the long side of the islands for an angle of 300(±50), marked
with the black arrow in figure 5.7b, and 400(±50), marked with the blue
arrow in figure 5.7b, with the high symmetry axis of the silver crystal.
????
Figure 5.7: a,b) STM images (taken at 150 K) of DCNQI on Ag(111) after
depositing 0.3 ML at 100 K. In (b) it can be observed that there are two types of
ordered islands, where the unit cell can be rhomboidal (blue arrow) or rectangular
(black arrow). a) 1972 Å × 1673 Å; -0.8 nA, -2 V. b) 198 Å × 229 Å; -0.63 nA,
-1.79 V.
Two types of molecular arrangements are found inside the islands (figure
5.7b). In the first type (marked with a blue arrow), the molecules are ordered
with a rhomboidal unit cell, as indicated in figure 5.8a with a black square.
The sides of this unit cell measure b1 = 7.6(±1.3) Å and b2 = 10.3(±0.9)
Å, and γ = 1150. These measurements are compatible with a commensurate
structure described by the epitaxial relationship
(
b1
b2
)
=
(
1 3
3 −1
)(
a1
a2
)
as shown in figure 5.8b. This rhomboidal order can be explained with the
help of DFT calculations for a DCNQI free-standing monolayer of DCNQI
molecules in the trans-configuration with a similar arrangement is obtained
(figure 5.8c), and connected through hydrogen bonds. The lengths of the
theoretical lattice parameters are b1 = 7.7 Å, and b2 = 10.0 Å in good
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agreement with the experimental values. In this case the binding energy per
molecule amounts to 0.66 eV.
Figure 5.8: a,d) STM images (taken at 180 K), of the internal structure of the
two types of islands observed after depositing DCNQI on Ag(111) at 100 K. b,e)
Proposed models, and c,f) Results of DFT calculations for a 2D networks for a
free standing monolayer of the two types of LT DCNQI islands (the black squares
indicate the unit cell of the 2D assembly): a-c) with a rhomboidal unit cell (black
square); d-f) with a rectangular unit cell. In both cases the molecules are in the
trans configuration. a) 60 Å × 65 Å; -0.63 nA, -1.79 V. d) 60 Å ×65 Å; -0.44 nA,
-2.38 V. c) 0.48 eV; a = 7.73 Å, b = 9.98 Å. f) 0.48 eV; a = 8.08 Å, b = 6.73 Å.
We have made theoretical calculations using the semi-empirical PM3
method to understand the interaction between two DCNQI molecules as a
functions of their relative position. The results are shown in figure 5.9: these
calculations assume that one molecule is in the origin of coordinates and
maps the energy of a second, coplanar molecule as a function of its position.
Energy minima are thus the locations in which a second molecule might be
expected to be placed. The position of the four minima in figure 5.9 corre-
spond well with the experimental observations and the results of the DFT
calculations for the global network, thus showing that the structure can be
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simply explained by pairwise interactions.
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Figure 5.9: Results of theoretical calculations, using the semi-empirical PM3
method, showing the energy of a pair of molecules as a function of their relative
position. Only the nodes can therefore be taken into account for the coordinates of
a second molecule. This maps reveals four positions very close to a minima of the
map (blue areas) are potential binding sites.
Islands with a second type of arrangement were also found at low temper-
ature (marked with a black arrow in figure 5.7b). In this case the molecules
are ordered with an almost square unit cell, with sides b1 = 8.3(±0.8) Å,
b2 = 7.1(±0.6) Å, and γ = 950 (figure 5.8d and figure 5.8e). For this order-
ing, the matrix can be written as
(
b1
b2
)
=
(
3 2
−1 2
)(
a1
a2
)
. DFT calculations
of a free-standing monolayer with this geometry also find a local energy min-
ima close to this arrangement, with theoretical lattice parameters b1 = 8.08
Å, and b2 = 6.73 Å. The calculated binding energy per molecule is 0.67 eV.
The fact that both low temperature phases are very close in energy explains
the coexistence of both structures. Note that for the rectangular lattice the
lateral positions of the molecules do not correspond to the local minima rep-
resented in figure 5.9 for pairwise interactions, implying the possible influence
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of collective effects.
Figure 5.10: a,b,c) STM images of the Ag(111) surface after depositing almost
0.9 ML of DCNQI at room temperature. The images were taken at room temper-
ature. The black squares in b) and c) indicate the unit cell of the 2D assembly.
The white arrows in b) indicate the substrate directions. d) Proposed model for the
2D assembly of DCNQI molecules on Ag(111) after room temperature deposition,
indicating the epitaxial relationship with respect to the siver surface. The red square
is the resulting unit cell. a) 496 Å × 573 Å; -0.61 nA, -0.99 V. b) 89 Å × 90 Å;
-0.69 nA, -1.3 V. c) 60 Å ×65 Å; -0.69 nA, -1.3 V.
In a second series of experiments, DCNQI was deposited at room temper-
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ature on the silver substrate. Figure 5.10 shows a set of increasing resolution
STM images of the Ag(111) surface almost completely covered by DCNQI
molecules. The darker yellow part in the images in figure 5.10a is the silver
surface, and has a fuzzy appearance due to the presence of diffusing DCNQI
molecules. The molecules are ordered with an rectangular unit cell, with
sides b1 = 16.1(±1.3) Å, and b2 = 14.7(±0.9) Å long, parallel, respectively,
to the [110] and [112] directions of the silver surface. Close-up STM images
(figure 5.10b and figure 5.10c) are consistent with the DCNQI molecules be-
ing flat on the surface, all of them in the cis configuration, held together by
a mixture of hydrogen bonds and van der Waals interactions. A model of
this arrangement is shown in figure 5.10c. In this case the lattice can be
described by the epitaxial relationship
(
b1
b2
)
=
(
6 0
3 6
)(
a1
a2
)
.
Figure 5.11: Top and side view of local minimum structure of the trans-DCNQI
molecule. The calculated charge transfer is 0.91 e.
If there is any possible isomerization, once the molecules are part of this
cis network, the process becomes irreversible (the islands in figure 5.10a are
stable at least until 400 K). Note that the molecular arrangement within the
island at room temperature on Ag(111) is very similar to the observed on
Cu(100), and then can be understood with the model shown in figure 5.5c
(only the lattice parameters are slightly different, if we assume the molecular
network to be commensurate with the surface lattice). As in the case on
Cu(100), the RT phase can be obtained by annealing to RT the LT phase.
In this case the transition takes places at lower temperature (210 K). Again,
DFT calculations show that the isomerization process is facilitated by the
charge transfer form the substrate to the molecule. When the molecule is
adsorbed on the silver surface (figure 5.11 shows the calculated configura-
tion of an isolated trans-isomer), it accepts almost one electron (∼ 0.91 e),
which, as mentioned previously, changes the bond configuration (see table
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5.2) facilitates the rotation of the cyano-imine group, decreasing the trans-cis
isomerization energy barrier. Also, like in the case of Cu(100) this isomer-
ization process is not reversible after the molecule changes to the cis-isomer
and forms part of a cis-island.
Table 5.2: Summary of bond lengths (in Å) of the neutral DCNQI molecule
((DCNQI)0), in the dianion state (DCNQI)−2, and adsorbed on the Cu(100)
and Ag(111) surface.
Bond (DCNQI)0 (DCNQI)2− DCNQI/Cu(100)
DCNQI/
Ag(111)
B1 1.18 1.19 1.20 1.22
B2 1.32 1.30 1.29 1.26
B3 1.32 1.38 1.40 1.40
B4 1.45 1.43 1.42 1.41
B5 1.36 1.39 1.41 1.39
B6 1.45 1.42 1.42 1.41
5.3.4 Transition from trans-island to cis-island
on both substrates
Although both on Cu(100) and Ag(111) charge transfer from the substrate
facilitates the isomerization reaction, there are some differences between the
two systems.
For the copper surface, both types of islands (cis and trans configurations)
coexist at the transition temperature (245 K, figure 5.12). After depositing
DCNQI at low temperature the LT trans-phase can be observed. Close to
the transition temperature, the LT phase becomes unstable and LT islands
dissolve over time. At the same time the formation of RT islands takes place.
Thus, the transition from one configuration to the other is not direct, but
occurs by detachment of the molecules from the trans-LT phase to a 2D gas,
isomerization, and attachment of cis-molecules to the RT phase islands. The
isomerization reaction thus take place while the molecules are freely diffusing
over the terraces, and not when they are attached to the islands.
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Figure 5.12: Sequence of STM images of DCNQI on Cu(100) taken at 245 K.
The STM images have been measured on the same area of the surface every 60 s.
The images show how the LT island disappear while at the same time when the RT
appears. a-d) 200 Å × 220 Å; -0.22 nA, -1.67 V.
For the silver substrate, we could not observe coexistence of trans and
cis-islands. In this case after depositing the molecules at low temperature
and increasing slowly the temperature, close to the transition temperature
(at 210 K) the LT islands disappear and a new type of ordered island can
be observed (figure 5.13a and figure 5.13b). These islands are probably a
mixture of both molecule isomers, although due to the lack of the resolution
we could not propose a concrete model for this arrangement. Anyway, it
seems that in this case the molecules do not need to escape from the island
for isomerization to take place. Increasing further the temperature (250 K),
this intermediate phase island changes, transforming slowly in the RT phase
through a series of intermediate steps (figure 5.13c and 5.13d).
130 DCNQI and DCNQI-Fe on metal substrates
?? ??
?? ??
Figure 5.13: a,b) STM images of the intermediate DCNQI islands on Ag(111)
at 210 K. c,d) STM images of DCNQI on Ag(111) after increasing slowly the
temperature taken at 250 K. a) 200 Å × 220 Å; -0.22 nA, -1.67 V. b) 200 Å ×
220 Å; -0.22 nA, -1.67 V. c) 198 Å × 229 Å; -0.48 nA, -1 V. d) 496 Å × 562 Å;
-0.43 nA, -1.37 V.
To conclude, the transition from the LT phase (trans-island) to the RT
phase (cis-island) takes place in a different way on Cu(100) and Ag(111).
In the case of copper, the transition occurs when the molecules detach from
the trans-island and are diffusing freely on the surface. In the case of the
silver this process is not clear, since islands with both cis and trans isomers
may exist on the surface, so it is possible that the isomerization reaction can
take place inside the island: the molecules change gradually (in an ordered
way) to the new configuration , until the island is composed entirely of cis
5.4 A coordination network: DCNQI-Fe on Ag(111) 131
molecules.
5.3.5 Conclusions
In this section, we have studied the isomerization reaction of DCNQI on
Cu(100) and Ag(111). In both cases, after low temperature deposition, the
molecules assemble on the surface in the trans-configuration, but when the
temperature is increased, an isomerization reaction takes places, and at room
temperature all the molecules are in the cis-configuration. In both substrates,
the transition is not reversible, since the RT islands are much more stable
than the LT islands. We have shown that isomerization takes place at a lower
temperature than in solution because, being DCNQI an electron acceptor, the
charge transfer from the substrate causes a reorganization of the electronic
structure of the molecule, facilitating the rotation of the cyano-group around
the imine N atom.
Charge transfer at the organic/metal interface has long been recognized
as an important parameter that may modify the energy level alignment and
then the charge injection barriers, affecting the functionality of the electronic
devices. However, it has been shown that charge transfer may also have
other consequences both on the molecule and/or the metal surface, causing,
for example, molecular distortion or substrate mediated self-assembly and
allowing chemical reactions not present in solution. Here we have shown that,
in some cases (DCNQI adsorbed on Cu and Ag), charge transfer modifies
the molecular bond configuration, thus facilitating the rotation of the cyano-
imine group and decreasing the trans-cis isomerization barrier. This, in turn,
modifies the internal islands structure.
5.4 A coordination network: DCNQI-Fe on Ag(111)
5.4.1 Introduction: 2D coordination networks
Coordination chemistry started at the end of the 19th and beginnings of the
20th century [194], and it has been studied intensively ever since, because tra-
ditional bulk coordination compounds have very interesting properties, with
many applications in catalysis, gas storage and separation, magnetism ....
Over the last decades, supramolecular coordinations networks (or metallo-
supramolecular) has attracted also wide interest. More recently, the fabrica-
tion of two dimensional coordination networks on solid surfaces has increased
the number of properties and extended the fields of applications. These
metal-ligand coordination networks are promising tools candidates for the
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design and fabrication of nanostructured surfaces through the formation of
self-assembled nanometer-scale periodic networks (2D) [87, 195–198]. These
advances constitute a significant promise for different areas of tecnhological
relevance, including catalysis, gas storage, molecular electronics, molecular
magnetism, sensor design, or molecular switches and motors [199–202].
Coordination bonds share specifity and directionality with hydrogen bonds
and, being stronger than hydrogen bonds, which makes for more robust net-
works, do not suffer from the irreversibility inherent to covalent networks,
which makes possible the preparation of large areas of well-ordered arrays
of molecules, in some cases covering multiple surface terraces [203]. How-
ever, the presence of the surface makes these compounds inherently different
from their bulk counterparts, since the interaction molecule-surface or metal
ligand-surface may compete with both molecule-molecule and molecule-ligand
interaction. Thus, while the structure of some of the 2D coordination com-
pounds are very similar to certain crystallographic planes already present
in well-known bulk systems, other coordination numbers and geometries are
completely new.
In the last years, different chemical groups (carboxylic, carbonitrile, pyridyl
groups) have been used to build these 2D metal-organic coordination net-
works, with different reactive metals atoms (Mn, Cu, Co, Fe, Zn, Ce, Gd)
and on different substrates (copper, silver, gold) [204–207]. The group most
commonly used has been the carboxylic one, which, after deprotonating and
changing into a carboxylate group, has been shown to make coordination
bonds with different metal ions (Cu, Fe, Co, Mn, Cs) on Cu(100) [76, 208–
211], Cu(110) [212] and Au(111) [213]. Another functional groups that have
been reported are the carbonitrile- and hydroxyl-terminated polyphenyl link-
ers codeposited with Co and Fe atoms on Ag(111) [214–216], Cu(100) [217],
Cu(111) [218, 219]. And the coordination of the pyridyl group with Cu and
Fe atoms on copper [220] and silver [196, 221] substrates has also been re-
ported. However, in spite of all these previous works, many questions remain
open about the nature of such coordination bond when a metal surface is
involved.
In this section we are also going to study the formation of a 2D Fe-
DCNQI metal-organic coordination network. Most of the reported bulk
(3D) coordination compounds of DCNQI use different monovalent metals,
with the general formula (DCNQI)2M+, but also with Cu, which seems
to have a mixed valency. To our knowledge, however, there are no reports
of surface coordination networks with DCNQI as the ligand. Previously,
thin films of a DCNQI derivative, 2,5-dimethyl-N,N’-dicyanoquinonediimine
(DMe-DCNQI), have been grown on Ag(111) by vapor deposition [222].
In these layers the molecules adsorb parallel to the surface, with a high
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degree of lateral order. In addition, films of Cu(DMe − DCNQI)2 and
Na(DMe − DCNQI)2 (several nanometers thick) were prepared by subse-
quent evaporation of DMe-DCNQI and metal counterions on a cold silver
substrate and by annealing to room temperature [222]. Ordered structures
were also observed on Cu(110) [223] and Ag(110) [224].
In this chapter, we will show that, after depositing DCNQI and Fe on
Ag(111), a 2D coordination network is formed. The structural and elec-
tronic properties of this network have been studied by X-Ray photoelectron
spectroscopy and scanning tunneling microscopy.
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5.4.2 STM results of DCNQI-Fe on Ag(111)
Figure 5.14: a,b) STM images taken after depositing 0.1 ML of Fe on 1 ML
of DCNQI/Ag(111) at room temperature. c) STM image taken after depositing
0.1ML of Fe on Ag(111) at room temperature. d,e) Height profile along the lines
drawn in images a) and c). The arrows indicate the direction of the measurement.
a) 496 Å × 573 Å; -0.18 nA, -1.53 V, b) 195 Å × 179 Å; -0.22 nA, -1.13 V. c)
1488 Å × 1719 Å; -0.59 nA, -2.02 V.
To build the coordination network, the molecule DCNQI was first deposited
on the silver surface at room temperature, obtaining the RT phase described
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in the previous section, with the molecule in the cis-configuration. After de-
positing 0.1 ML of Fe (Fe was sublimated from an iron rod using an Omicron
EFM 3 electron-beam evaporator) at room temperature on this surface, a
number of islands (with a density of ∼ 1.3× 10−16/m2 and a height around
3 Å) appear on the surface. A closer look (see the island circled in blue in
figure 5.14a and 5.14b) show that these islands have two different levels: a
rather unstructured one with a height of 1.8 Å over the silver surface, and
second one that appears to be a molecular layer with a height of 1.2 Å, as
shown in the profile graph in figure 5.14e. The space between the islands is
covered by the original hydrogen-bonded DCNQI layer, although somewhat
distorted, especially close to the islands. Apparently, the iron atoms have
diffused over the silver surface to form monoatomic height islands which have
been covered by DCNQI molecules. Notice that this situation is different to
the case of Fe on the clean Ag(111) surface, as shown in figure 5.14c. Here
the iron atoms fully cover the step edges and after that the iron grows in
the Volmer-Weber mode, forming three-dimensional Fe clusters several lay-
ers high [225]. For a coverage of 0.1 ML, the average height of the cluster is
12(±1.5) Å, as shown in the height profile in figure 5.14d. It seems that the
DCNQI layer act as a surfactant, preventing the growth of 3D islands and
promoting 2D growth [226–228].
After annealing to 380 K, a number of patches with a different order
appear embedded within the DCNQI layer (some of them are marked with
a circle in figure 5.15a). A closer look (figure 5.15c) reveals that the new
structure seems to be composed of Fe atoms forming an hexagonal lattice
connected by DCNQI molecules, in such a way that two Fe atoms are con-
nected by two DCNQI molecules (every Fe atom is connected to 4 DCNQI
molecules) forming a set of parallel 1D chains (a model for this structure
is shown in figure 5.15d). The hexagonal lattice can be described by the
epitaxial relationship
(
b1
b2
)
=
(
3 −1
1 4
)(
a1
a2
)
. A model for this structure is
shown in figure 5.15d. Notice that two types of interactions are taken place
in this arrangement: one is the Fe-DCNQI coordination bond that allows the
formation of the chains; the other is the interaction between chains, mainly
through the formation of C=N-C· · ·H-C hydrogen bonds, i.e., one nitrogen
belonging to the imine group of one molecule in one chain is connected to
the hydrogen of the adjacent molecule in the other chain.
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Figure 5.15:
a,b,c) STM images taken after annealing the Fe/DCNQI/Ag(111) system to 380 K
(the measurements were made at room temperature. d) Proposed structural model.
a) 496 Å × 565 Å; 0.43 nA, 1.13 V. b) 198 Å × 229 Å; 0.43 nA, 1.13 V. c) 50 Å
× 40 Å; 0.41 nA, 1.13 V.
There are several interesting things about this structure. First, although
DCNQI-Me salts (where Me can be Cu, which seems to have a mixed valence,
or a monovalent metal) have been reported [179], to our knowledge there are
no bulk DCNQI-Fe coordination compounds. Also, the reported DCNQI
salts, where the molecule is always in the trans-configuration, crystallize in
the group I41/a [229, 230]. In there, the metal ions are arranged like a string
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of pearls, and each metal ion is surrounded by four DCNQI ligands whereby
four stacks of ligands are produced. That is, although in these compounds
the metals atoms are also four-fold coordinated, they form a square lattice,
not hexagonal like here.
5.4.3 Electronic structure of the coordination network:
XPS measurements of DCNQI-Fe on Ag(111)
In order to shed some light into the nature of the Fe-DCNQI layer, XPS
spectra have been measured during the different stages of growth. Figure 5.16
shows the N1s, and Fe2p core levels of a) the clean Ag(111) surface; b) after
depositing a submonolayer amount of DCNQI; c) after depositing 0.1 ML Fe
on this molecular layer; and d) after annealing to 380 K. Regarding the N1s
spectra, the two broad peaks appearing at ∼ 398.5 and 393.0 eV in the clean
Ag surface are due to bulk plasmon losses [93]. After depositing DCNQI, a
small new feature appears at ∼ 398.5 eV, which is consistent with the N1s
binding energy measured after depositing DMe-DCNQI on Ag(111) [222] or
Ag(110) [224]. To our knowledge, there are no XPS data of bulk DCNQI
related compounds. For TCNQ0 the N 1s peak appears at 399.6 eV [30]. In
our experiments the binding energy is significantly smaller, and actually it is
closer to the N1s binding energy measured on Cu(TCNQ)− salts, 398.7 eV
[231], suggesting that DCNQI is negatively charged, in good agreement with
the results in section 5.3.3. The position of this peak does not change after
Fe deposition or even after annealing. The C 1s core level is composed of two
contributions at 284.7 and 286.1 eV, with an area ratio of∼ 3 : 1, which would
correspond to the C atoms of the C ring and the C atoms from the cyano
groups, respectively. Once again, this peak does not change appreciably after
Fe deposition. The Fe peak, on the other hand, does change after annealing
at 380 K. On the freshly deposited sample, the main Fe 2p peak appears
at ∼ 707 eV , which is characteristic of metallic iron, Fe0 [232, 233]. After
annealing, the peak appears just as a broad feature centered around 709.5 eV,
i.e., close to the position of Fe+2 [232, 233]. This is similar to the reported
Fe2p binding energy in Fe-Terephtalic acid coordination networks on Cu(100)
[208].
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Figure 5.16: Fe2p, N1s and C1s region of the XPS spectra taken a) on a clean
Ag(111) surface; b) after DCNQI deposition; c) after Fe deposition on the DCNQI
layer; d) after annealing to 380 K the Fe-DCNQI/Ag(111) system.
Trying to understand the XPS results, figure 5.17a shows the calculated
DFT optimized geometry of an isolated DCNQI molecule, in the cis confor-
mation, on the Ag(111) surface. As in the case of the trans molecule (figure
5.11), there is a strong molecular distortion: the molecule is far from being
planar, with the N atoms very close to the surface, the torsion angle between
the cyano bonds and the central carbon ring being around 320. As mentioned
before, this distortion is facilitated by the charge transfer from the metal to
the molecule (∼ 0.89 e), which makes the central C ring aromatic and makes
the bond B3 single bond-like.
To simulate the DCNQI layer, we have considered the model in figure
5.10d. The results are shown in figure 5.17b. Now the C rings are almost
parallel to the silver surface but, despite the formation of hydrogen bonds
between the cyano groups and the H atoms of neighboring molecules, the
molecules are also distorted, with the terminal N atoms very close to the
surface. The total charge on the molecules is 0.67 e, slightly smaller than for
the isolated molecules.
The results for the Fe-DCNQI/Ag(111) system are shown in figure 5.17c.
Since two DCNQI molecules are connected to the same Fe atoms, the carbon
rings are no longer parallel to the surface, in order to avoid the H-H repulsion
between neighboring molecules. The total charge on the DCNQI molecule is
-0.59 e, only slightly smaller than for the DCNQI layer, which explains why
the N1s peak binding energy remains approximately the same after formation
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of the coordination network. The calculations give an estimated charge of
+0.53 e for the Fe atoms, in accordance with the XPS results.
Figure 5.17: Results of the DFT calculations showing top and side views of a)
an isolated cis-molecule on the Ag(111) surface; b) the DCNQI hydrogen bonded
network; c) the Fe-DCNQI coordination network.
The picture that comes out from these calculations is the following.
DCNQI is a strong electron acceptor, and, upon deposition on Ag(111), takes
0.89 e from the surface. This charge transfer comes with a pronounced molec-
ular distortion, where the external N atoms come very close to the surface.
When the coverage increases, the molecules form a hydrogen bonded net-
work, which decreases slightly (-0.67 e). These changes are more significant
upon the formation of the Fe-DCNQI coordination network (the charge of
a DCNQI molecules is -0.53 e), since now the N atoms are involved in the
coordination bond with the Fe atoms. On the other hand, the Fe atoms
get a positive partial charge of 0.53 e. Notice that for a free-standing Fe-
DCNQI coordination network the charge of the Fe atoms is practically the
same (+0.48 e), but the DCNQI molecules hold only a partial charge of -
0.24 e. It is then the interaction with the silver atoms the responsible for
the increase in the charge of DCNQI, but without affecting significantly to
the Fe-DCNQI coordination bond. In the table 5.3 shown a summary of the
different charges.
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Table 5.3
Q(DCNQI) Q(Fe)
DCNQI/Ag(111) -0.89
2D DCNQI/Ag(111) -0.67
2D Fe-DCNQI/Ag(111) -0.53 +0.53
2D Fe-DCNQI -0.24 +0.48
5.4.4 A disordered coordination network
DCNQI-Fe on Ag(111)
Figure 5.18: a) STM image of a region of the Fe-DCNQI system after annealing
to 320 K. b) Structural scheme of the image shown in (a). a) 77 Å × 80 Å; -0.26
nA, -0.52 V.
When the subtraste was annealed at a slightly lower temperature (320 K),
the structure shown in 5.15c and figure 5.15d does not appear. Instead,
in some regions of the Fe-DCNQI layer a different motif, like that shown
in Figure 5.18a, can be observed. In this case, the Fe atoms form exactly
the same hexagonal lattice than before, but the arrangement of the DCNQI
molecules is completely different. While the Fe coordination number is still 4,
that is, every Fe atom is connected to four DCNQI molecules, now these are
arranged in an apparent random way, and the resulting system is not periodic
at all. A scheme of this random coordination is shown in figure 5.18b, where
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the black dots represent the iron atoms and the molecules are coordinated
as in the adjacent STM images. In spite of this disorder the Fe atoms are
forming an hexagonal lattice. Similar disordered coordination network have
been reported, like 1,3,5-tris(pyridin-4-ylethynyl)benzene on Cu(111) [220],
also molecule with terminal carbonitrile functional groups coordinated with
cerium or gadolinium on Ag(111) [234], but in this case the rare earths are
also disordered.
5.4.5 Conclusions
Metal ligand coordination interactions are generally more rigid and direc-
tional than hydrogen bonds and therefore are employed to supramolecular
systems in order to synthesize more robust structures. General design prin-
ciples follow the coordination chemistry of metal ions having specific coor-
dination geometry (tetrahedral, square, octahedral, etc.) and the choice of
molecules representing adequate functional groups. For example, the coordi-
nation geometry of the metal atoms changes due to the spatial confinement
on surfaces and the substrate actively influences the adsorbates from geo-
metrical arrangements to chemical modifications.
In this section, we have studied a 2D coordination network, DCNQI-Fe
on Ag(111) formed by depositing a submonolayer amount of Fe on top of
a layer of DCNQI. It is worthy to mention that the DCNQI layer act as a
surfactant, preventing the growth of the iron in 3D islands. After annealing
to 320 K, a disorder coordination networks appears; in this configuration the
iron atoms are forming an hexagonal lattice, and the DCNQI molecules are
coordinated to the iron atoms, in such a way that one molecule is bonded
to two iron atoms and every atom is coordinated with four molecules. The
arrangement of the molecules, however, is rather disordered. After increasing
the temperature a new coordination network is formed, where the iron atoms
are forming an identical hexagonal lattice, the DCNQI molecules are ordered
to form a set of parallel 1D chains. These 1D chains are connected together by
C=N-C· · ·H-C hydrogen bonds, allowing the formation of a 2D coordination
network. Moreover, we found that depositing the molecule and the iron
metal on the Ag(111), the metal keeps metallic behavior, but we found that
the iron metal shifts to oxidation state after annealing this system when the
coordination network DCNQI-Fe is obtained. The charge of the Fe atoms in
this coordination network is ∼ 0.5 e.
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6
General Conclusions
The subject of the present doctoral thesis has been the investigation, using
variable temperature STM and XPS, and the results of DFT calculations,
of the structural and electronic properties of three different organic electron
acceptor molecules (TCNE, TCNQ, and DCNQI) and one organic electron
donor molecule (TTF) deposited on metal substrates (Cu(100), Ag(111),
Au(111)).
In the following, we summarize some of the more relevant results obtained
in this thesis:
For all the studied systems, charge transfer at the organic/metal inter-
face plays an important role since may modify the energy level alignment
and then the charge injection barriers. Also, charge transfer has other con-
sequences that have been reported, such as molecular distortion or substrate
mediated self-assembly. In particular, the strong interaction of TCNE with
the Ag(111) substrate promotes the presence of silver adatoms on the surface
to form Ag-TCNE coordination networks. TCNQ has also a strong interac-
tion with the silver substrate and the presence of the silver adatoms cannot
be definitively ruled out. However, the second layer shows only a weak in-
teraction, and the molecule are decoupled from the substrate. In these two
systems, the amount of charge from the substrate to the molecule is close
to 1 e. On the other hand TTF can be adsorbed in two different config-
urations: almost planar, after room temperature deposition, or tilted with
respect to the surface, after annealing the sample at 350 K. although it is
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a donor molecule, it holds on a small positive charged, 0.1 e. In addition,
we have shown that, in the case of DCNQI on Cu(100) and Ag(111), charge
transfer decreases the energy barrier between the trans- and cis-isomers of
the molecule, with the consequence of the activation of an isomerization re-
action by thermal energy below room temperature.
In the mixed donor-acceptor systems, TTF-TCNQ and TTF-TCNE on
Ag(111), several phases with different stoichiometries have been studied, each
one leading to a different levels of charge transfer. In this case charge trans-
fer takes place through the metal substrate, that acts as an intermediary
between the donor and acceptor. These results show that for these mixed
systems, the core level shifts in photoemission experiments do not only de-
pend on the charge state of the molecule but also on the environment. A sim-
ple calculations shows that the effect of the potential created by the nearby
molecules (for both TCNQ and TTF, more negative when increasing the
TCNQ content) shifts the core levels to lower binding energies, an effect that
can actually overcome the effect of the molecular charge.
Finally, the fabrication of an Fe-DCNQI coordination network has been
reported. Actually, two different networks appear on the surface: ordered
one and a disordered self-assembly; although in both case the iron atoms
form an hexagonal lattice. In addition, we have shown that the iron atoms
changes his metallic character to oxidized state.
In summary, the results presented in this thesis shows the important role
that charge transfers plays at the metal-organic interface. These investiga-
tions shows also the power of combining different experimental techniques,
like VT-STM and XPS, in an unique system, with theoretical calculations
to understand the structural and electronic properties of the metal-organic
systems.
7
Conclusiones generales
El tema de la presente tesis doctoral ha sido la investigación, usando un
microscopía de efecto túnel (STM) de temperatura variable, espectroscopía
de fotoemisión (XPS), y los resultados de los cálculos teóricos (DFT), de las
propiedas estructurales y electrónicas de tres moléculas orgánicas aceptoras
de electrones diferentes (TCNE, TCNQ, y DCNQI) y una molécula orgánica
donora de electrones (TTF) depositadas sobre substratos metálicos (Cu(100),
Ag(111), y Au(111)).
Seguidamente, resumimos alguno de los resultados más relevantes obte-
nidos en esta tesis:
Para todo los sistemas estudiados, la transferencia de carga en la inter-
fase orgánica/metal juega un papel importante puesto que puede modificar el
alineamiento de los nivel de energéticos y por tanto las barrera de inyección de
carga. Pero además, la transferencia de carga tiene otras consecuencias que
han sido relatadas, como la distorsión molecular o un papel activo del sub-
strato en el auto-ensamblado molecular. En particular, la fuerte interacción
del TCNE con el substrato Ag(111) promueve la presencia de adátomos de
plata sobre la superficie que dan lugar a la formación de redes de coordinación
Ag-TCNE. El TCNQ también tiene una fuerte interacción con el substrato
de plata, y la presencia de los adátomos de plata no pueden ser descartada.
Sin embargo, la segunda capa muestra una débil interacción, y las moléculas
están desacopladas del substrato. En estos dos sistemas, la cantidad de carga
desde el substrato a la molécula es cerca de 1 e. Por otra parte, el TTF puede
estar en dos configuraciones diferentes sobre la superficie: casi plana, después
de depositar a temperatura ambiente, o ligeramente inclinada con respecto al
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substrato, después de calentar la muestra a 350 K. Aunque es una molécula
donora, solo está ligeramente cargada positivamente, 0.1 e. Además, hemos
mostrado que, en el caso del DCNQI en Cu(100) y Ag(111), la transferencia
de carga decrece la barrera de energía entre los isomeros trans- y cis- de la
molécula, con la consecuencia de la activación de una reacción de isomer-
ización por energía térmica por debajo de temperatura ambiente.
En los sistemas de mezclas donores-aceptores, TTF-TCNQ y TTF-TCNE
sobre la Ag(111), hemos estudiado distintas fases con diferentes estequiome-
trías, cada una de ellos conduciendo a diferentes niveles de transferencia de
carga. En este caso la transferencia de carga tiene lugar a tráves del substrato
metálico, el cuál actúa como intermediario entre el donor y el aceptor. Estos
resultados muestran que para estos sistemas de mezclas, el desplazamiento
de los niveles de energía de los átomos en los experimentos de fotoemisión
no solo dependen del estado de carga de la molécula pero también de su en-
torno. Un simple cálculo muestra que el efecto del potencial creado por las
moléculas próximas (tanto para el TCNQ como para el TTF, es más negativo
cuando el contenido de TCNQ aumenta) desplaza los niveles de los átomos
a energías de ligadura más bajas, un efecto que actualmente supera el efecto
de la carga molecular.
Finalmente, ha sido demostrado la fabricación de una red de coordinación
Fe-DCNQI. En realidad, dos redes diferentes aparecen sobre la superficie: una
ordenada y otra desordenada; aunque en ambos casos los átomos de hierro
forman la misma red hexagonal. Además, mostramos que los átomos de hi-
erro cambian su carácter metálico a un estado oxidado.
En resumen, los resultados presentados en esta tesis muestran el papel im-
portante que la transferencia de carga juega en las interfases metal-orgánicas.
Estas investigaciones muestran también la potencia de combinar diferentes
técnicas experimentales, como el VT-STM y XPS, en un único sistema, con
cálculos teóricos, para entender las propiedades estructurales y electrónicas
de los sistemas metal-orgánicos.
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